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This compilation contains critically evaluated kinetic data on elementary homoge-
neous gas phase chemical reactions for use in modelling combustion processes. Data
sheets are presented for some 196 reactions. Each data sheet sets out relevant ther-
modynamic data, rate coefficient measurements, an assessment of the reliability of
the data, references, and recommended rate parameters. Tables summarizing the
preferred rate data are also given. The reactions considered are limited largely to
those involved in the combustion of methane and ethane in air but a few reactions
relevant to the chemistry of exhaust gases and to the combustion of aromatic com-
pounds are also included.

Key words: chemical kinetics; combustion; gas phase; kinetic data; rate coefficient.

©1992 by the U.S. Secretary of Commerce on behalf of the United
States. This copyright is assigned to the American Institute of Physics
and the American Chemical Society.

Reprints available from ACS; see Reprints List at back of issue.

0047-2689/92/030411-324/$70.00 41 J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992



412 BAULCH ET AL.

Contents

1. Introduction .......c.oovinvierenenncanncennes 413 2.7. Acknowledgements..........cociveennnn. 416
2. Guide to the Data Sheets .................... 413 28. References .......ocvvviiienvnniinenacnns 416
2.1, Scope and reaction ordering.............. 413 3. Index of Reactions and Summary Tables...... 416
2.2. Conventions concerning rate coefficients .. 413 3.1. Guide to the Summary Tables............ 416
23. Guide tothe tables ....................e 414 3.2. Summary of Preferred Rate Data......... 416
2.4. Treatment of combination and dissociation Table 1. Bimolecular reactions............ 416
(=101 4107 1 414 Table 2. Decomposition reactions......... 427

2.5. Assignment of errors.............cvuen... 415 Table 3. Combination reactions........... 429
2.6. Thermodynamic data..................... 415 4. DataSheets .......ccvvvvnviennnnnnennonnnnas 431

1. Introduction

This compilation of critically evaluated kinetic data is
intended for use in computer modelling of combustion
processes. It has been prepared as part of the project “Ki-
netics and Mechanisms of Chemical Processes in Com-
bustion” which is one of the projects within the third
European Community Energy Research and Develop-
ment Programme. The formal cut off point for the litera-
ture searching was January, 1989 but the group continued
to monitor the literature during the preparation of the
manuscript and every attempt was made to incorporate
more recent studies having a significant effect on the rec-
ommendations,

2. Guide to the Data Sheets
2.1. Scope and Reaction Ordering

The field of combustion is too large for a comprehen-
sive treatment of all combustion reactions; some selectiv-
ity has been necessary. The present collection is limited
to reactions of importance in the combustion of methane
and ethane in air but it also contains a few reactions rel-
evant to the chemistry of exhaust gases mainly involving
NO; chemistry, and to the combustion of aromatic com-
pounds.

The reactions are grouped and ordered using a system
widely adopted in publications of the National Institute
of Standards and Technology. The grouping is made on
the basis of the attacking atom or radical in the order set
out in the following list.

O Atom Reactions

O: Reactions

H Atom Reactions

H, Reactions

OH Radical Reactions
H,O Reactions

HO; Radical Reactions
H;0; Reactions

N Atom Reactions

NH Radical Reactions
NH; Radical Reactions
C; Radical Reactions
CH Radical Reactions
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3CH: Radical Reactions
!CH, Radical Reactions
CH; Radical Reactions
CH, Reactions

CHO Radical Reactions
HCHO Reactions

CH;OH Radical Reactions
CH;0 Radical Reactions
CH;OO0H Reactions

CN Radical Reactions
NCO Radical Reactions
C;H Radical Reactions
C:H; Radical Reactions
C;H, Reactions

C;Hs Radical Reactions
C:Hs Reactions

CHCO Radical Reactions
CH,CHO Radical Reactions
CH;CO Radical Reactions
CH3CHO Reactions

C:HsO Radical Reactions
C,Hs;OOH Reactions

CeHs Radical Reactions
CsHs Reactions

CsHsO Radical Reactions
CsHsCH> Radical Reactions
CsHsCH; Reactions
p-CsHs(CH:): Reactions
CsHsC>Hs Radical Reactions

Thus the reaction
CN + CH; —» HCN + CH;

will be found under CN radical reactions. For reactions
not classified by this rule e.g. radical-radical reactions,
the rule that species higher on the list take precedence
over those lower applies. Thus the reaction

OH + CH; + M -» CH;:OH + M

will be found under OH radical reactions. The same rule
applies to reactions between species of a non-radical na-
ture. For the purposes of the classification O; and NO are
treated as radicals only in their reactions with non-radical
species.
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For each reaction a data sheet is presented setting out
relevant thermodynamic data, rate coefficient measure-
ments, an asessment of the reliability of the data, refer-
ences, and, as well, preferred values of the rate
coefficients are suggested. In deciding on a format for the
presentation we have been influenced by the data sheets
prepared by the CODATA Task Group for Modelling
Atmospheric Chemistry!. Our format follows theirs
closely but we have made more extensive use of graphs
because of the need to convey some idea of the quality of
the data over a wide temperature range.

The evaluations were carried out at a series of meet-
ings, the last one being in January, 1989. The literature
searching was terminated in December, 1988 but material
available to us in pre-print form at that time was also in-
cluded.

2.2. Conventions Concerning Rate Coefficients

It is assumed that all reactions in the compilation are
elementary reactions.

The relationship between rate and rate coefficient for
a reaction described by a stoichiometric equation such as

A+A->B+C
is given by

Rate = —($)d[AVdt = d[BYd: = d[CYdt = k[A] .

2.3. Guide to the Tables

Each data sheet begins with a heading giving all the re-
action paths considered feasible whether there is evi-
dence for their occurrence or not.

These are followed by the thermodynamic quantities
AH° and AS° at 298 K and an expression for the equi-
librium constant, K, in units of atmosphcres, for cach of
the reaction channels for which there are data available.
All data refer to a standard state of 1 atmosphere. The
source of the thermodynamic data is discussed later in
this Preface.

The kinetic data for the reactions are summarized un-
der the two headings (i) Rate Coefficient Measurements
(i) Reviews and Evaluations. To keep the size of the
compilation within reasonable bounds, in most cases only
the rate coefficient measurements back to the most re-
cent comprehensive review are recorded. Where there is
no suitable review, or where there are only few measure-
ments, all of the measured values are tabulated. Also to
limit the size of the review, if in a particular study, mea-
surements of the rate coefficient have been made over a
range of temperatures, the results are tabulated as a tem-
perature dependent expression (usually Arrhenius in
form) rather than as the individually reported data
points. For bimolecular reactions the temperature depen-
dence of the rate coefficient is expressed €ither ask = A4
exp(—B/T) or AT" exp(—C/T) whichever is the more
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appropriate, where A, n, B and C are constants. In some
cases the form with C = 0, leading to k = AT", gives the
best representation. The expressions used for pressure
dependent combination and dissociation reactions are
discussed in detail later.

The tables of data are supplemented by a series of
Comments summarizing the experimental details. For
measurements giving rate coefficient ratios the absolute
value derived from them and given in the table may be
different from that quoted in the original paper because
the evaluator has chosen to use a value of the reference
rate coefficient different from that used by the original
author. Such differences are indicated and justified by
appropriate entries in the Comments section.

Under Preferred Values the rate coefficient values rec-
ommended for use by modellers are presented as a tem-
perature dependent expression over a stated temperature
range. Wherever possible an attempt has been made to
make recommendations for high temperatures even if
this requires a considerable extrapolation from the low
temperature data and consequent assignment of large er-
ror limits. However, in many cases, particularly for reac-
tions likely to have a large activation energy, or where
alternative reaction channels may become important, it
has not been considered safe to extrapolate much beyond
the range of existing measurements.

Wherever possible the preferred values are based al-
most exclusively on experimental data but in a few cases
estimates have been made based on analogous reactions.
No attempt has been made to include calculated values of
rate parameters but theoretical and empirical estimates
have not been ignored. They have often provided valu-
able background and guidance on whether experimental
values are ‘reasonable’.

The preferred rate constant expression is followed by a
statement of the error limits in log k at the extremes of
the recommended temperature range. Some comments
on the assignment of errors are given later in this Intro-
duction.

The section “Comments on Preferred Values” contains a
brief account of how expressions for the preferred values
were arrived at and comments on the quality of the avail-
able data.

The data sheets conclude with a list of the relevant ref-
erences and in many cases graphs to illustrate the quality
of the data. Where there are few data points for a partic-
ular reaction all are recorded but for well studied reac-
tions, where much data are available, for the sake of
clarity, expressions, rather than the original points, are
displayed in some cases.

2.4. Treatment of Combination
and Dissociation Reactions

The rates of combination and the reverse dissociation
reactions

A+B+M=AB + M,
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depend on the temperature, T, the nature, and the con-
centration of the third body [M]. The rate coefficients of
these reactions have to be expressed in a form which is
more complicated than those for simple bimolecular re-
actions. The combination reactions are described by a
pseudo-second-order rate law.

d[AB] _
57 = KIATBI

in which the second-order rate constant depends on [M].
The low pressure third-order limit is characterized by ko,

k{M] = lim k((M])
M]—0

The high-pressure second-order limit is characterized by

k. = lim k(M])
M] -

which is independent of [M]. For a combination reaction
in the low-pressure range, the summary table gives a sec-
ond-order rate constant expressed as the product of a
third-order rate constant and the third body concentra-
tion. The transition between the third-order and the sec-
ond-order range is represented by a reduced fall off
expression of k/k. as a function of

k{MJk. = [M)[M],

where the “centre of the falloff curve” [M], indicates the
third body concentration for which the extrapolated k,
would be equal to k.. The dependence of k on [M] in
general is complicated and has to be analyzed by
unimolecular rate theory. For moderately complex
molecules at not too high temperatures, however, a sim-
ple approximate relationship holds:

 kke[M] L 1
k=t + ko F =kIM] (1+[M]/[M]c)F

-k (3050

where the first factors at the rhs represent the Linde-
mann-Hinshelwood expression, and the additional broad-
ening factor F, at not too high temperature, is
approximately given by

log F.
1+ [logg]M[{] M]c!]z
N

log F =

where n = 0.75 — 1.27 log F.. In this way the three quan-
tities, ko, k«, and F. with

kw
[M]C _k_o 3
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characterize the falloff curve for the present application.
Alternatively, the three quantities k=, [M];, and F. (or
ko, [M], and F.) can be used. The temperature depen-
dence of F., which is sometimes significant, can be esti-
mated by the procedure of Troe*™. The results can
usually be represented® approximately by an equation

F. = (1-a) exp(~T/T***) + a exp(—~T/T*)
+ exp(—T**/T).

The two first terms are of importance for atmospheric
conditions, but the last term in most cases becomes rele-
vant only at high temperatures.

Theoretical predictions®* of F. have been derived from
rigid RRKM-type models including weak collision ef-
fects. Systematic calculations of this type have been pre-
sented by Patrick and Golden® for reactions of
atmospheric interest. It is debatable whether these calcu-
lations can be applied to radical recombination reactions
without barriers, where rotational effects are important.
Changes in F. would require changes in the limiting ko
and k. values. For the purpose of this evaluation, this will
be irrelevant in most cases, if the preferred k, and k.. are
used consistently together with the preferred F. values.

If detailed calculations are made it is sometimes found
that alternative expressions for F. may be more appropri-
ate.

The dependence of k, and k. on the temperature is
represented in the T exponent n,

k o« T™"

(except for the cases with an established energy barrier in
the potential). We have used this form of temperature
dependence because it often gives a better fit to the data
over a wider range of temperature than does the Arrhe-
nius expression. The dependence of &, on the nature of
the third body M generally is represented by the relative
efficiencies of M: and M.

ko(Mi)[M1] : ko(M2)[M:] .

2.5. Assignment of Errors

The reliability of a preferred expression for k is cx-
pressed in terms of an estimated Alog k at the extremes
of the temperature range covered by the recommended
expression. Thus a quoted Alog k = X is equivalent to the
statement that k is uncertain by a factor F where X = log
F.

No attempt has been made to assign explicit error lim-
its to the temperature coefficient of k. The assignment of
error limits in Alog k at the extremes of the temperature
range indicates how the quality of the data varies with
temperature without attempting to define the form which
this variation takes. In the opinion of the evaluators the
available data rarely merits a more elaborate assignment
of errors over a wide temperature range.
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The assignment of error limits in k is a subjective as-
sessment by the evaluators. Modern techniques are capa-
ble in favourable circumstances of measuring rate
coefficients with a precision represented by a standard
deviation as small as 10%. However, data obtained in dif-
ferent laboratories on the same reaction and often by the
same- technique are rarely concordant to the extent that
might be expected from the precision of the measure-
ments; mean values may differ by many standard devia-
tions. This is indicative of systematic errors which are
difficult to detect and which cannot be simply incorpo-
rated into quoted error limits.

2.6. Thermodynamic Data

There are substantial uncertainties associated with the
thermodynamic data of a number of species appearing in
the compilation. For the sake of internal consistency the
thermodynamic data have been taken from a single
compilation, that prepared for the Sandia Chemkin
Program.® That compilation is sufficiently comprehensive
to cover most of the species appearing in the kinetics
tables. In a few cases the present evaluation of the kinetic
data have led to an assignment of enthalpies of formation
at variance with those in the thermodynamic data
base.This has been commented on in the text but has not
been incorporated into the thermodynamic data quoted.
The Sandia compilation does not include data for aro-
matic compounds. The data for these have been derived
from a variety of sources.

In the present tables the standard enthalpy change at
298 K and the equilibrium constant as a function of
temperature are given for each reaction channel. the
equilibrium constant is expressed in the form
K =AT"exp(B/T), where A, B and n are constants. The
quality of the thermodynamic data rarely justify the use of
expressions for K(T') involving more than three constants
even though the Sandia data compilation expresses the
thermodynamic quantities in terms of polynomials involv-
ing seven coefficients. To obtain the expression for K(T')
values of K were calculated from the Sandia data base at
several temperatures over the range 3006000 K and fit-
ted to the three constant expressions by a least squares
procedure.

Because of the great sensitivity of K to the thermody-
namic quantities, particularly AH®, any rate coefficient
calculated from the equilibrium constant and the rate co-
efficient for the reaction in one direction may be subject
to substantial uncertainty. ‘

Wherever kinetic data are available for the rate coeffi-
cient for the reaction in both forward and reverse direc-
tions, an attempt has been made to reconcile it with the
thermodynamic data quoted. For a number of important
species there are no thermodynamic data available point-
ing to the need for experimental measurements aimed at
providing such data, particularly for key radicals.
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3. Index of Reactions and Summary Table
3.1. Guide to the Summary Tables

There are three tables. In Table 1 all of the reactions
whose rate data were evaluated in the present pro-
gramme are listed. For each reaction the preferred value
of the rate coefficient, the temperature range over which
it applies, and the associated error limits are given.

For many reactions more than one set of products is
possible. All of the channels considered feasible are given
and wherever possible rate parameters are recommended
for each channel, or branching ratios are given. For such
multichannel reactions, however, where the dominant
channel has been identified that channel only is specified
although others are conceivable.

All of the reactions evaluated are listed in Table 1 but
only the rate data for bimolecular processes are given.
The data for decomposition and recombination reactions
are listed separately in Tables 2 and 3.

Tables 2 and 3 contain the preferred rate parameters
for decomposition and combination reactions respec-
tively. The rate data are expressed in terms of the symbol-
ism developed by Troe and described in Sec. 2.4,

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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TaBLE 1. Bimolecular reactions

3.2. Summary of Preferred Rate Data

Reaction k/cm® molecule~'s~! Temp/K Error limits (A log k) Page
O Atom Reactions 430
O+H,-»OH+H 85 x 10~2T?%7 exp(—3160/T) 300-2500 + 05at 300K falling to 430
*02forT > 500K
O+0OH—->0;+H 2.0 x 10~ exp(112/T) 220-500 + 02 432
2.4 x 10-1 exp(—353/T) 10002000 + 0.1
O + HO; - OH + O, 53 x 1071 300-1000 + 03 at 300 Krisingto 434
=+ 0.5 at 1000 K.
O + H,0; - OH + HO, 1.1 x 1072 exp(—2000/T) 300-500 + 03 437
O + NH; - OH + NH; 1.6 x 10-M exp(—3670/T) 500-2500 + 05 439
O+CH—-CO+H 6.6 x 10~ 300-2000 = 0.5 441
— CHO* + e 4.2 x 107 exp(—850/T) 300-2500 + 05
O + 3CH; —» CO + 2H ] 2 x 1071 300-2500 + 0.2at 300 Krisingto 443
- CO + H, kitk = 0.6 = 0.3 over whole range = (.7 at 2500 K.
O + CH; - HCHO + H 14 x 107 3002500 * 0.2 444
O + CHy — OH + CH; 15 x 10715 7156 exp(—4270/T) 300-2500 + 0.3 at 300 K fallingto 445
= 0.15 at 2500 K.
O + CHO - OH + CO 50 x 1071 300-2500 + 03 448
- CO; + H 50 x 10-1 300-2500 + 03
O + HCHO — OH + CHO 6.9 x 10713 T exp(—1390/T) 250-2200 = 0.1 at 250 K rising to 449
= 0.3 at 2200 K.
O + CH30 — O; + CH; ] 2.5 x 10~ 300-1000 =+ 0.3 at 300 K rising to 451
- OH + HCHO kyk = (0.12 = 0.1) at 300 K =+ 0.7 at 1000 K.
O + CN = CO + N(*S) 1.7 x 1071 300-5000 + 0.2at 300 Krisingto 452
— CO + N(*D) + 0.6 x 5000 K.
O + NCO - NO + CO ] 7.0 x 101 1450-2600 * 0.8 454
bl Oz + CN
O + HCN - NCO + H
- CO + NH 23 x 10718 T2 exp(—3075/T) 450-2500 + 0.2at 450 K rising to 455
- OH + CN +0.3 at 2500 K.
O + CH;00H — OH + CH,COOH 6.9 x 10~ T°57 exp(—1390/T) 250-2200 = 0.1at250 Krisingto 458
— OH + CH;0: [estimate] = 0.3 at 2200 K.
O+ CH-CO + CH 17 x 10~1 300-2500 +10 458
O + GH; —» CO + 3CH, 3.6 x 10~% T?28 exp(—250/T) 300-2500 +02 459
— CHCO + H ki/k = 0.5 = 0.3 over whole range.
O + CGH; - OH + GH,
— CO + CH; 5x 1071 300-2000 = 05 463
- HCO + CH;
O + GH4 —» CHCHO + H 5.75 x 10~ 7208 300-2000 + 0.1for T < 1000 K 464
— HCO + CH; ki/k = 0.35 = 0.05 at p> 3 Torr over whole rising to = 0.3 at 2000 K.
— HCHO + CH, ki/k = 0.6 = 0.10 temperature
— CH;CO + H; range
1.1 x 10~ 300-2500 = 0.3 from 300 to 1000 K 467

O+ C2H5 i d CH3CHO + H
— HCHO + CH;

J. Phys. Chem. Xef. Data, Vol. 21, No. 3, 1992
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TaBLE 1. Bimolecular reactions — Continued

Reaction k/cm® molecule~'s~! Temp/K Error limits (A log k) Page
O + CH; —» OH + C.H; 1.66 x 10! T'Sexp (—2920/T) 300-1200 + 0.3 at 300 K falling to 468
+ 0.15 at 1200 K.
O + CHCO—-2CO + H 1.6 x 10~ 300-2500 = 03 470
0 + CH,CO — CH.0 + CO .
- HCO + H + CO 3.8 x 1012 exp(—680/T) 230-500 + 03 471
— HCO + HCO
O + CH;CHO - OH + CHsCO 9.7 x 10~ exp(—910/T) 300-1500 + 0.05 at 300 K rising to 473
— OH + CH,CHO + 0.5 at 1500 K.
O + GHs00H —» OH + C,H,O0H 6.9 x 10713 T°57 exp(—1390/T) 250-2200 + 0.1 at 150 K rising to 475
— OH + GHs00 [estimate] + 0.3 at 2200 K.
O + CgHs — OH + CgHs 1.2 X 10-% T*7 exp (—5T0/T) 300-1000 * 05 475
— C:HsOH ] )
0O + CsHsCH, —» HCO + CsHq« ] 55 x 10710 - 300 +03 478
—- GHsCH + H
— CH,O + G¢Hs No recommendation
O + CsHsCH; — products 5.3 x 107 T'2 exp(—1260/T) 300-2800 + 0.1 at 300 K rising to 478
+ 0.4 at 2800 K
O + p-C¢H4(CHs), — products 2.6 x 10~ exp(—1409/T) 300-600 + 03 481
O + C¢HsC,Hs — products 1.0 x 10~ 298 + 03 483
O; Reactions 483
0 + CH, — HO; + CH;s 6.6 x 10~ exp(—28630/T) 500-2000 + 05at 500 K rising to 483
+ 1.0 at 2000 K.
0, + C;H¢ — HO; + CHs 1.0 x 107° exp(—26100/T) - 500-2000 * 0.5 at 500 K rising to 484
= 1.0 at 2000 K
O, + HCHO — HO; + HCO 1.0 x 1071 exp(~—20460/T) 700-1000 * 0.5 484
0, + CH;CHO — HO; + CH;CO 5.0 x 107" exp(—19700/T) 600-1100 + 0.5 at 600 K rising to 485
+ 1.0 at 1100 K.
H Atom Reactions 486
H+0,-0H+O0 3.3 x 107 exp(—8460/T) 300-2500 + 0.1 at 300 K rising to 486
' + 0.2 at 2500 K.
H + O; + Ar —» HO,; + Ar See Table 3 488
H+ O, + HL—>HO;, + H, See Table 3 488
H+ O, + N> HO; + N; See Table 3 488
H + 0, + H,O —» HO, + H,O See Table 3 488
H+H+ Ar—H; + Ar See Table 3 492
H+H+H,—-H + H; See Table 3 495
H + OH + H,O0 - H,0 + H,0 See Table 3 - 497
H + OH + Ar —» H;O + Ar See Table 3 496
H+ HO + N o H,O0 + N, See Table 3 498

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1982
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TaBLE 1. Bimolecular reactions — Continued

Reaction k/cm® molecule~'s~! Temp/K Error limits (A log k) Page
H+ HO,->H; + O, 7.1 x 10~ exp(—710/T) 300-1000 + 03 499
-2 0H 2.8 X 10~ exp(—440/T) 300-1000 x03
-HO0+O0 5.0 x 10~ exp(—866/T) 300-1000 + 03
H+ H,0-OH + H, 7.5 x 10716 T36 exp(—9270/T) 300-2500 0.2 504
H + H,0, - H, + HO; 2.8 x 1072 exp(—1890/T) 3001000 + 0.3 506
- OH + H,0 1.7 x 10~ exp(—1800/T) 300-1000 +03
H+NH—->H; + N 1.7 x 10~1 1500-2500 + 1.0 509
H + NH; -» H, + NH 1.0 x 10-1 2000-3000 + 1.0 509
H + 3CH; > H; + CH 1.0 x 10~ exp(900/T) 300-3000 + 0.7 510
H + CH; -» H; + 'CH; 1.0 x 10~ exp(—7600/T) 300-2500 + 1.0 511
- CH, See Table 3
H + CHs — H; + CH3 2.2 x 1072 T3° exp(—4045/T) 300~2500 + 0.2 516
H+ CHO -» H; + CO 1.5 x 1071 300-2500 + 03 519
H + HCHO — H; + HCO 3.8 X 107 1'% exp(—1650/T) 300-2200 + 0.1 at 300 K rising to 521
+ 0.5 at 2200 K
H + CH;0 — H, + HCHO 3.0 x 10-1 300-1000 * 0.5 523
H + HNCO - NH; + CO No recommendation 523
- H, + NCO 3.4 x 107 T-°% exp(—10190/T) 500-1000 + 1.0
H + NCO - NH + CO 8.7 x 1071 1400-1500 * 05 524
—-HCN + O
H+ GH; » H; + GH 1.0 x 10~ exp(—14000/T) 1000-3000 + 1.0 525
— CH; See Table 3
H + CGH; - H; + CGH; 20 x 10~ 3002500 * 0.5 528
— CH, See Table 3
H+ CGH,—» CH; + H; 9.0 x 107 exp(—7500/T) 700-2000 + 0.5 529
- GHs See Table 3
H + CHs —» 2CH; 6.0 x 10~1 300-2000 + 03 531
— C;Hs See Table 3
H + CHs —» H; + C;H;s 2.4 x 1075 T exp(-3730/T) 300-2000 + 0.15 at 300 Krising to 533
+ 0.3 at 2000 K
H + CHCO - CH; + CO
- H; + GO 2.5 x 10-1© 300-2500 + 04 536
— HCCOH
H + CH,CO —» CH; + CO 3.0 x 10~ exp(—1700/T) 200-2000 + 0.5 at 200 K rising to 537
- CH,CHO koJk very small + 1.0 at 2000 K.
H + CH;CHO — H; + CH;CO 6.8 x 1071 T116 exp(—1210/T) 300-2000 + 0.1 at 300 rising to 539
— H; + CH,CHO ] = 0.4 at 2000 K.
H+CGCGHs+ M—>CHs + M See Table 3 541
H + CGHs —» H, + GHs No recommendation 541
— C¢H, See Table 3
H + GHsO + M - CHsOH + M See Table 3 544
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TaBLE 1. Bimolecular reactions — Continued
Reaction k/cm® molecule~!s—! Temp/K Error limits (A log k) Page
H + GHsOH — CHsO + Hx 1.9 x 107 exp(—6240/T) 1000-1150 + 03 544
— C¢Hy + OH 3.7 x 10~ exp(—3990/T) 1000-1150 + 03
H + GHsCH; + M —» CHsCH; + M See Table 3 545
H + CH;CH; —» H; + CHsCH, 6.6 X 1072 T3% exp(—1570/T) 600-2800 = 0.3 at 600 K rising to 546
—- H, + CsH,CH; No recommendation + 0.5 at 2800 K.
— C¢Hy + CH3 No recommendation
- C6H6CH3 See Table 3
H + p-C¢H4(CHj), — products 58 x 10~ 298 *= 0.1 549
H + C¢HsC:Hs — H; + CeHsC:H, 24 x 10712 773 = 0.1 549
> CoHoC.H, See Table 3
H, Reactions 550
H; + Ar— 2H + Ar See Table 2 550
H, + Hb > 2H + H, See Table 2 550
OH Radical Reactions 552
OH + H, - H,O + H 1.7 x 107 T16 exp(— 1660/T) 300-2500 %= 0.1 at 300 K rising to 552
+ 0.3 at 2500 K
OH+ OH - H,O + O 2.5 x 1071 T'™ exp(—50/T) 250-2500 + 0.2 555
OH+ OH +M->H0, + M See Table 3 556
OH + HO; -» H,0 + O; 4.8 x 10~ exp(250/T) 3002000 + 0.2at300Krisingto 558
+ 0.5 at 2000 K.
OH + H;0; — H,O + HO; 1.3 x 10~ exp(—670/T) 300-1000 + 0.2 562
OH + NH —» NO + H; 80 x 10~1 300-1000 + 0.5 565
—-H,O + N
OH + NH; —» O + NH; 3.3 x 107 T4 exp(—250/T) 500-2500 + 05 565
— H,O + NH No recommendation
OH + CO—>H + CO, 105 X 1077 112 exp(250/T°) 300-2000 + 0.2 at 300 K rising to 566
+ 0.5 at 2000 K.
OH + CH; - H + CH,OH
— H + CH;0 ] 6.0 x 10~ 300-2000 =+ 0.7 570
- Hgo + 1CH2
— CH;O0H See Table 3
OH + CH; — H,O + CHj; 2.6 x 10 7 T'* exp(~—1400/T) 250-2500 + 0.07 at 250 K rising to 571
=+ (.15 at 1200 K.
OH + CHO — H,O + CO 1.7 x 107 300-2500 + 03 574
OH + HCHO - H,O + CHO 5.7 x 107 T'18 exp(225/T) 300-3000 + 0.1 at 300 K rising to 575
i : = 0.7 at 3000 K.
OH + CN — O + HCN
— NCO + H 1.0 x 10~ 1500-3000 * 05 578
OH + HCN - H,O + CN 1.5 x 10~ exp(—5400/T) 1500-2500 + 05 579

— HOCN + H
— HNCO + H

No recommendation
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TABLE 1. Bimolecular reactions — Continued

Reaction k/cm?® molecule ~!s~! Temp/K Error limits (A log k) Page
OH + CH;O0H — H,O + CH;00 1.2 x 1072 exp(130/T) 300-1000 + 0.2at 300 Krisingto 582
+ 0.4 at 1000 K
- H0 + CH,OOH 1.8 x 10712 exp(220/T) 300-1000 =+ 0.1 at 300 K rising to
+0.3 at 1000 K.
OH + CH; - H,0 + GH 1.0 x 10~ exp(—6500/T) 1000-2000 =10 583
-> H + CHCO
— C;H,OH See Table 3
OH + CH; - H.O + C;H; 3.4 x 107" exp(—2990/T) 650-1500 05 586
OH + CH; —» H,0 + CHs 1.2 x 10~Y T2% exp(—435/T) 250-2000 + 0.07 at 250 K rising to. 589
= 0.15 at 2000 K.
OH + CH,CO - CHOH + CO 1.7 x 101 300-2000 + 1.0 592
- H,CO + HCO ]
OH + CH3;CHO — H;O + CH3;CO 3.9 x 10 ™ T°7 exp(560/T) 250-1200 = 0.1 at 250 K rising to 593
- H,0 + CH,CHO ] + 03 at 1200 K.
OH + CHs;O0H - H,0 + C;Hs00 ] 3.0 x 1072 exp(190/T) 250-1000 + 03at250Krisingto 595
- H0 + GH,O0H [estimate] * 0.7 at 1000 K
OH + CsHs — H:0 + C¢Hs 2.7 x 107 T142 exp(—730/T) 400-1500 + 03 595
— H + CGeHsOH 2.2 % 10" exp(—5330/T) 1000-1150 =03
. = CGH:OH See Table 3
OH + CsHsOH — C¢Hs(OH), See Table 3 598
— ILO + GCglIsO
— H,0 + GHL.OH ] 1.0 x 10~ 1000-1150 += 0.5
OH + C¢HsCH; — H:0 + C¢H.CH: 8.6 x 10~ exp(—1440/T) 400-1200 = 0.5 at 400 K reducing to 598
- CHsCH;0H See Table 3 +0.3 at 1200 K.
OH + p-CsHs(CH3); » CGH4CHCH; + HO 6.4 x 107 exp(—1440/T) 500-960 +0.1 601
- p-C¢H,4(CH,);OH See Table 3
OH + CﬁHsCsz —_ HOC6H5C2H5 See Table 3
- H,0 + GH;CH, 87 x 10°12 773 + 01 603
- H.0 + C:H4C;H;s
H,0 Reactions 603
HO+M~->H+OH+M See Table 2 603
HO; Radical Reactions 604
HO; + HO; - H,0; + O, 3.1 x 10~2 exp(—775/T) 550-1250 + 0.15 at 550 K rising to 604
: + 0.3 at 1250 K.
HOZ + NHz - NH3 + 02
- HNO + H;0 2.6 x 1071 300-400 + 04 607
HO; + CH; - OH + CH;0 3 x 107 300-2500 + 0.7 608
-0, + CH, No recommendation
HO; + CHs - H,0; + CHs 1.5 x 10~ exp(—12400/T) 600-1000 + 0.2 at 600 Krisingto 608
+ 0.3 at 1000 K.
HO; + HCHO — H;0, + CHO 5.0 x 1072 exp(—6580/T) + 05 609
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EVALUATED KINETIC DATA FOR COMBUSTION MODELLING 421

TaBLE 1. Bimolecular reactions — Continued

Reaction k/em® molecule~s~? Temp/K Error limits (A log k) Page
HO; + C;Hs — OH + CH,O 3.7 x 10~ exp(—8650/T) 600-900 - - = 0.15 at 600 K rising to 612
+ (.25 at 900 K.
HO, + CG:Hs —» H,0, + GHs 22 x 107" exp(—10300/T) 500-1000 + 0.2 at 500 K rising to 614
* 0.3 at 1000 K.
HO, + CH;CHO — H,0; + CH;CO 5.0 x 10~ exp(~-6000/T) 9001200 + 0.7 614
H,0; Reactions 615
H,0, + M—20H + M See Table 2 615
N Atorn Reactions 616
N+CN-N; + C 3 x 1070 300-2500 + 1.0 616
N + NCO — NO + CN No recommendation 617
—-N:; + CO 33 x 107 1700 + 05
NH Radical Reactions 617
NH + O, —» NO + OH 1.26 x 1013 exp(—770/T) 270-550 + 0.2 at 270 K rising to 617
—- NO; + H + 0.5 at 550 K.
—- HNO + O
NH + NO - N,O + H
— HN; + O 5.0 x 107" 270-380 + 02 618
—- N, + OH
NH; Radical Reactions 621
NH, + O; — products <3 x 107 298 621
NH, + NO - N; + H,O
—>N: + H + OH 1.8 x 1012 exp(650/T) 220-2000 * 05 622
- N;H + OH (k2 + ka)k = 0.12 at 298 K.
e Nzo + Hz
I, and °C; Kadical Reactions See data sheets. 625
CH Radical Reactions 627
CH + O, > CHO + O ] 5.5 x 107 300-2000 + 03 at 300 Krisingto 627
- CO + OH =+ 0.5 at 2000 K.
CH+ H,->»CH, + H 24 x 10~ exp(—1760/T) 300-1000 = 0.3 630
d CH3 ]
CH + H,O — products 9.5 % 1072 exp(380/T) 300-1000 + 1.0 632
CH + CO — products 4.6 x 1071 exp(860/T) 300-1000 + 1.0 632
CH + CO; — products 5.7 x 1072 exp(—345/T) 300-1000 *+ 1.0 633
CH + CH, — products 5.0 x 107! exp(200/T) 200-700 + 1.0 634
CH + CH, — products 3.5 x 1071 exp(61/T) 200-700 * 1.0 634
CH + C;H4 — products 22 x 1071 exp(173/T) 200-700 + 1.0 635
CH + C;Hs — products 1.8 x 107 exp(132/T) 200-700 = 1.0 636
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TABLE 1. Bimolecular reactions — Continued

Reaction k/cm® molecule ~1s~! Temp/K Error limits (A log k) Page
CH + C;Hs — products 1.9 x 107 exp(240/T) 300-700 + 1.0 636
CH + n-C4Hyo —> products 4.4 x 107 exp(28/T) 250-700 * 1.0 637
CH + i-C4H,o — products 2.0 x 107 exp(240/T) 300-700 + 1.0 637
CH + neo-CsH;; — products 1.6 x 1071 exp(340/T) 300-700 = 1.0 638
CH + CH,;CH — products No recommendation 638
CH + CH;O — products 1.6 x 10710 exp(260/T) 300-700 + 1.0 639
3CH; Radical Reactions 639
CH; + 0, > CO + H + OH
-CO,+H+H 4.1 x 10~ exp(—750/T) 300-1000 + 03at300Krisingto 639
- CO + H,0 + 0.5 at 1000 K.
- C02 + Hz
— HCHO + O
3CH; + 3CH; » GH; + H; 2.0 x 10~ exp(;400/T) 300-3000 * 05 640
- CH, + 2H ko/k = 0.9 = 0.1 over range 300-3000 K.
3CH, + CH; » C;Hs + H 7.0 x 101 300-3000 + 03 at300Krisingto 641
+ 0.5 at 3000 K.
’CH; + CH; —» CH, See Table 3 642
3CH2 + CHy — C:Hs
— ¢-C3Hs See Table 3 643
- CHzCHCHz + H
ICH, Radical Reactions 644
!ICH; + Ar - °CH; + Ar 6.0 x 10-12 300-2000 + 0.3 644
1CH2 + N> 3(:I‘Iz + N; 1.0 x 10-1 300-2000 + 03 644
ICH; + CHy; —» 3CH; + CH, 12 x 10~ 300-2000 = 04 644
ICH; + C;H; —» *CH; + GH; 8.0 x 10~ 300~2000 + 04 644
ICH, + C:H, - 3CH, + C;H, 23 x 10-1 300-2000 + 04 644
ICH; + GHs — 3CH; + CH, 3.6 x 1071 300-2000 + 04 644
ICH; + 0, > CO + H + OH
- CO; + H; 5.2 x 1074 300-1000 + 0.3 at 300 Krisingto 645
- CO + H,0 + 0.5at 1000K
- 3CHz + O
CH, + H, > CH: + H 1.2 x 10-1 300-1000 =+ 0.1 at 300 K rising to 646
+ 0.3 at 1000K
lCHz + C;H, - CH,CCH;
— CH;CCH See Table 3 646
— 3CH; + GH, See earlier entry
ICH, + GH; = C:Hs See Table 3 647
— 3CH, + GH, See earlier entry
CHj3 Radical Reactions 648
CHi; + M»>CH,+ H+ M See Table 2 648
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TaBLE 1. Bimolecular reactions — Continued
Reaction k/cm? molecule ~!s~! Temp/K Error limits (A log k) Page
CH; + O > CH;0 + O 2.2 x 10710 exp(—15800/T) 300-2500 + 0.5 649
— HCHO + OH 5.5 x 10~ exp(~—4500/T) 1000-2500 + 0.5
— CH;0; See Table 3
CH; + Ho—>CH, + H 1.14 x 10~2° T27 exp(—4740/T) 300-2500 %+ 0.15 in the range 653
300-700 K.
+ 0.3 in the range
700-2500 K.
CH; + CH; > CHs + H 5 x 10" exp(—6800/T) 1300-2500 + 0.6 655
- CHs + H No recommendation (see data sheets)
— CGHsg See Table 3
CH; + HCHO -» CH, + HCO . 6.8 x 10~12 exp(—4450/T) 300-1000 = 0.3 659
CH3 + Csz + M- C3H5 + M See Table 3 661
- CH; + C;H No recommendation
CH; + GH, —» CH,; + CH; 6.9 X 10~ exp(—5600/T) 400-3000 + 0.5 663
- n-CGH, See Table 3
CH; + CH; - CH, + CH, 19 x 10-12 300-800 + 04 665
— C;Hs See Table 3
CH; + GHg —» CH; + CH;s 2.5 x 1073 T6% exp(—3043/T) 300-1500 = 0.1 at 300 K rising to 668
+ 0.2 at 1500 K.
CH; + CH;CHO — CH,; + CH;CO 33 x 1073 T5% exp(—1240/T) 300-1250 + 03 671
— CHs + CH,CHO No recommendation (see data sheets)
CH, Reactions 673
CH, + M-»CHs + H+ M See Table 2 673
CHO Radical Reactions 677
CHO + 0, —» CO + HO; 677
- OH + CO, 5.0 x 1012 300-2500 =03
b d HCO:,
CHO + CHO — HCHO + CO 50 x 107% 300 * 03 680
HCHO Reactions 681
HCHO + M—>H + CHO + M See Table 2 681
-H,+CO+M
CH,OH Reactions 684
CH,0H + 0, —> CH:O + HO, 26 x 107°T7-10 + 300-1200 = 0.1 at 300 K rising to 684
1.2 x 10~ exp(- 1800/T) + 0.3 at 1200 K.
CH;0 Radical Reactions 687
CH;O0 + M—>HCHO + H + M See Table 2 687
CH;0 + O, - HCHO + HO, 6.7 x 10" exp(—1070/T) 300-1000 + 02at 500 Krisingto 688
* 0.3 at 300 K and 1000 K.
CH;00H Reactions 690
CH;O0H + M > CH;0 + OH + M See Table 2 690
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TABLE 1. Bimolecular reactions — Continued
Reaction k/cm® molecule~1s~! Temp/K Error limits (A log k) Page
CN Radical Reactions 691
CN + 0,-»NCO +0 1.1 x 10~ exp(205/T) 300-2500 + (.25 at 300 K rising to 691
+ 0.5 at 2500 K.
CN + H,O - HCN + OH 1.3 x 10~ exp(—3750/T) 500-3000 + 03 at 500K risingto 694
— HOCN + H + 0.5 at 3000 K.
CN + CH; —> HCN + CH,3 1.5 x 1071 exp(—940/T) 260-400 + 03 695
NCO Radical Reactions . 697
NCO+ M—>N+CO+M See Table 2 697
NCO + NO - N,O + CO
- N; + CO; ] 1.7 x 10~ exp(200/T) 300-600 + 05 698
CH Radical Reactions 699
GH + 0, - CO, + CH
—-2CO0 + H 3.0 x 10-1 300 + 05 699
- CHO + O
- CO + HCO
CH+ H,—»>CH; + H 2.5 x 107" exp(—1560/T) 3002500 * 0.3 at 300 Krisingto 700
= 0.7 at 2500 K
CH+ CGH,-»CH; + H 50 x 10~ 300~-2700 =03 702
CH + CH, — products 2.0 x 10-12 298 =1 702
CH + GH;s — products No recommendation
C:H; Radical Reactions 704
CH; + M->CH, +H+ M See Table 2 704
CGH; + 0O, - HCHO + CHO 9.0 x 10~ 300-2000 + 0.3 at 300 Krisingto 705
+ (0.5 at 2000 K
C,Hs Radical Reactions 706
CHs + 0, -» CGH: + HO, 1.7 x 10~ exp(1100/T) 600-1200 * 03 706
C;Hs + CHs — C,Hg + C;Hy 24 x 10-* 300-1200 *= 04 707
— n-CHyo See Table 3
C,Hs Reactions 710
CHs + M—>CH; + CH; + M See Table 2 710
CHCO Reactions n3
CHCO + 0, —» CO, + HCO
- 2CO + OH 2.7 x 10~ exp(430/T) 300-550 + 0.7 713
- G0 + HO, M = He, 2 Torr
— CHO,CO
CH,CHO Radical Reactions 714
CH;CHO + O, -» HO, + CH,CHO ko =26 % 1078 250-1000 + 02 714
— HCHO + CO + OH k, = 3.0 x 10~ 300 * 0.3

- 02CH2CHO
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TABLE 1. Bimolecular reactions — Continued
Reaction k/em?® molecule ~1s~? Temp/K Error limits (A log k) Page
CH;CO Radical Reactions 716
CH;CO + O, + M —» CH3COs + M See Table 3 716
CH;CHO Reactions 716
CH;CHO + M- CH; + HCO + M See Table 2 716
CHsO Reactions mn
CHsO + M > HCHO + CH; + M ] See Table 2 n7
—- CH;:CHO + H+ M
C;HsO + O; — CH;CHO + HO; 1.0 x 10~* exp(—830/T) 300-1000 + 0.3 at 300 K rising to 717
* 0.5 at 1000 K
C,HsOOH Reactions 718
CHsOOH + M —» C;HsO + OH + M See Table 2 718
CsHs Radical Reactions 718
GHs + M »>CH, + CH; + M 718
> CGH; + CH, + M ] See Table 2
— linear-C¢Hs + M
CsHs Reactions 721
CH¢ + M —>CHs + H+ M ] See Table 2 721
- C4H4 + C2H2 + M
CsHsO Radical Reactions 724
CHO + M—->CHs + CO+ M See Table 2 724
CsHsCH; Radical Reactions 725
CHsCH, + M - CH; + 2C2H2 + M
- CH; + GH; + M See Table 2 725
- CsHs + CGH, + M
- C;H,(BCH) + M
CeHsCH; Reactions 728
CHsCH; + M—>CHsCH; + H+ M See Table 2 728
>CoHs 1 CH; t+ M
p-Csl(CH3); Reactions 731
p-CHy(CH3), + M - CH,CH,CH; + H + M See Table 2 731
CsHsC:Hs Reactions 733
CHsC;Hs + M > CHsCH, + CH + M
- CéHs + CCH; + M
— CGHsCHCH, + H, + M See Table 2 733

- CHs + CGHs + M
— GH;CHCH; + H + M
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TaBLE 2. Decomposition reactions

Reaction kaofs™? Temp/K Error limits (A log k) Page
ko/cm® molecule ! s™!
F.
ol keka M)
1 —
5™ = oM] + ko T
H; + Ar— 2H + Ar ko = 3.7 x 10~ exp(—48350/T) 2500-8000 + 03 550
H, + Ho—2H + H, ko = 1.5 x 10~° exp(—48350/T) 2500-8000 + 05 550
H,O0+ N2—=H+ OH + N; ko = 5.8 x 10~ exp(—52920/T) 2000-6000 + 0.5 603
H,0, + M>20H + M ko(Ar) = 3 X 10~ exp(—21600/T) 1000-1500 * 02 615
ko(Nz) = 2 X 10~7 exp(—22900/T) 700-1500 + 02
ke = 3 x 10™ exp(—24400/T) 1000-1500 * 05
F(Ar) = 0.5 700-1500 AF. = = 01
CH; + M>CH, + H+ M ko = 1.7 X 10~* exp(—45600/T) 1500-3000 + 05 648
CH,+ M—>CH; + H+ M ko(Ar) = 1.2 x 10~ exp(—47000/T) 1000-3000 03 673
ko(CHs) = 1.4 X 10~> exp(—48100/T) 1000-2000 *03
ko = 2.4 X 10' exp(—52800/T) 1000-3000 %05
F. (Ar) = exp(—045 — T/3231) 10003000 AF. = = 0.1
F. (CH.) = exp(—037 — T/2210) 10002000 AF, = % 01
HCHO + M —>H + CHO + M ] ko(1) = 2.1 x 10~ exp(—139200/T) 1500-2500 +03 681
—-H,+CO+M kilkz = 0.5 at 2200 K
CH;O + M>HCHO +H+ M ko = 3.16 x 10% T—27 exp(—15400/T) 300-1000 += 1.0 687
[estimate]
CH;O00H + M> CH;O + OH + M k» = 4 X 10 exp(—21600/T) 400-1000 + 05at 600 K risingto 690
+ 1.0 at 400 and 1000 K
NCO + Ar—- N + CO + Ar ko = 1.7 x 10~2 exp(—23500/T) 1450-2600 + 04 697
CGH; + M->CH; + H+ M ko = 6.9 x 10" T-75 exp(—22900/T) 500-2500 * 05 704
. ko = 2 X 10 exp(—20000/T) 500-2500 + 05
F. = 035 500-2500 AF, = = 0.1
CHs + M > 2CH; + M ko(Ar) = 11 x 10% T8 exp(—47090/T)  300-2000 * 05 710
ko(C:Hs) = 4.5 X 10~2 exp(—41930/T). 800-1000 x 05
ke = 1.8 X 102 T~ exp(—45700/T) 300-2000 + 03
F(Ar) = 0.38 exp(—T/73)+0.62 exp(—T/1180) 300-2000 AF, = = 0.1
F(C:Hs) = 0.54 exp(— T/1250) 800-1000 AF, = * 0.1
CH;CHO + M—>CH; + CHO + M k(1 atm.) = 7 x 10% exp(—41100/T) 750-1200 *+ 04 716
(pressure dependent region)
CGH:O + M—>HCHO + CH; + M ko = 8 x 10" exp(—10830/T) 300-600 + 1.0 n7
[estimate]
CHO0OH + M »> CH:O + OH + M k. 4 x 10" exp(-21600/T) 400-1000 + 1.0 718
N .
GHs + M : ggi 1 gﬁ; i 11:44 ] No recommendation 718
— linear-CHs + M 4.0 x 10" exp(—36700/T) 1450-1900 + 04
CHe + M>CHs + H+ M 9.0 x 10" exp(—54060/T) 1200-2500 + 0.4 at 1200 K 721
-CH:+H,+ M reducing to = 0.3
_ at 2500 K
CeH;O + M - CsHs + CO + M 25 x 10 exp(—22100/T) 1000-1580 * 02 724
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TABLE 2. Decomposition reactions — Continued

Reaction kaofs™! Temp/K Error limits (A log k) Page
ko/cm® molecule~! s~
Fc
1
k™= My + K F
CHCH; + M- CH; + 2CGH; + M
-CH, + GH; + M 5.1 x 10" exp(—36370/T) 1350-1900 = 0.3 at 1350 K rising 725
- CHs + C;H; + M to = 0.51900K

— CHy (BCH) + M

CHsCH; + M—> CHCH, + H+ M 3.1 x 10 exp(—44890/T) 920-2200 + 03at9%00K 728
—- C¢Hs + CH; + M No recommendation rising to = 0.5
at 2200 K

p-CsHa(CHs)z + M — p-CeHaCH2CHs 4.0 X 10°° exp(— 42600/T) 1400-1800 =05 731
+H+M

CeHsC;Hs+ M—»C¢HsCH,+ CH+M 6.1 x 10" exp(—37800/T) 770-1800 +£01at770K 733
—CsHeg+ CHy+ M rising to + 0.4 at
—C¢H;CHCH; +H,+M No recommendations
—->C¢Hs + CG;Hs+M
—->CH;CHCH; + H+M
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TaBLE 3. Combination reactions

Reaction ko/cm® molecule~!s~! Temp/K Error limits (A log k) Page

ko/cm® molecule =2 s~!

Fc

3 1.-1

k/cm® molecule~'s™! = *oM] + Kn F
H + O; + Ar —» HO; + Ar ko = 1.7 x 10730 7-98 300-2000 = 05 488
H+ O, + H, > HO; + H, ko = 5.8 x 1030708 300-2000 + 05 488
H+ O; + N; - HO; + N, ko = 39 X 10-30 T-08 300-2000 + 0.5 488
H + 0; + H:0 - HO; + H:0 ko = 43 x 1073 T8 300-2000 = 0.5 488
H+H+ Ar—H; + Ar ko = 1.8 x 1030 T-10 300-2500 + 05 492
H+H+H,»>H; + H; ko = 2.7 x 10731 7-06 100-5000 + 05 495
H + OH + H;O0 —» H,0 + H,0O ko =39 x 10-T1-2° 300-3000 + 03 497
H + OH + Ar - H,0 + Ar ko =23 x 1071720 300-3000 +03 496
H+ OH + N> HO0 + N; ko = 6.1 x 107261720 300-3000 + 03 498
H+CH; + M—>CH, + M ko(He) = 6.2 x 10~%(T/3000)~*# 300-1000 + 03 512

ko(Ar) = 6 x 1072 (T/300)"18 300-1000 + 05

ko(C:He) = 3 x 10~%(T/300)" 18 300-1000 = 05

ko = 3.5 x 1071 300-1000 + 03

F(He,Ar) = exp(—045 — T/3231) 300-1000 AF. = = 01

F(C;Hs) = exp(—0.34 — T/3053) 300-1000 AF, = = 0.1
H + CH; + He - CH; + He ko = 1.4 x 107" exp(—1300/T) 200-400 + 03 527

ko = 3.3 x 1073 exp(—740/T) 200400 + 05

F. = 044 200-400 AF, = = 0.1
H+CGCGH; + M>CGH, + M No recommendation 528
H+CHi+ M>CHs + M No recommendation 529
H+ CGHs + M>CHs + M No recommendation 531
H+ CHs + M—> CHs + M ke = 1.3 x 1071 1400-1700 + 05 541
H+ CHs + M > CH; + M ke = 6.7 x 107! exp(—2170/T) 300-1000 + 0.2 541
H + CHsO + M - CHsOH + M ke = 42 x 1071 1000 + 03 544
H + CHsCH, + M —» CHsCH; + M ke =55 x 1071 300-2000 =+ 0.2 at 300 K rising to 545

= 0.7 at 2000 K.

H + GHsCH; + M —» CHiCH; + M ke =12 x 1078 298 + (0.2 546
H + CHsCHs + M —» CH:C,Hs + M ke =33 x 1079 298 + 0.1 549
OH + OH + M- H;0, + M ko(Nz) = 8 x 1073 (T'/300)~°7 250-1400 * 04 556

ko(H0) = 4 x 1072 300400

ko = 1.5 x 10~ (T/300)°% 200-1500 + 05

F(Nz) = 05 200-1500 AF. = =02
OH + CH; + M- CH,0H + M No data available for this channel 570

(See Table 1)
OH + GH; + M- CGHOH + M See data sheet 583
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TaBLE 3. Combination reactions — Continued

Reaction ko/cm® molecule~'s™! Temp/K Error limits (A log k) Page

ko/cm® molecule =2 s~

Fc

- koko [M]
3 -1 —

k/cm® molecule~!s oM + o F
OH + GHs + M —» CHOH + M k. = 3.8 x 10712 exp(—340/T) 240-340 * 0.2 595
OH + GHsOH + M — C¢Hs(OH): + M ko =28 x 1071 298 *= 0.1 598
OH + CHsCH; + M —» HOC¢HsCH; + M ko = 3.8 X 10712 exp(180/T) 200~-300 * 04 598
OH + C¢H,4(CH;), + M — C¢H4(CH3);,OH+M ko = 14 x 1071 300-320 =+ 0.1 601
OH + CHsCHs + M — HOCsHsC.Hs+ M 75 x 1072 atp < 1 atm. 298 = 0.1 603
3CH, + CH; + M —> GH, + M 2.0 x 10~ exp(—3330/T) 300-1000 03 642

atp = < 10 Torr.
3CH, + GHy + M —» GH + M ]

—c-CGHs + M 5.3 x 10-12 exp(—2660/T) 300-1000 = 0.2 at 300 K rising to 613
—-GCHs + H+ M + 03 at 1000K
ICH; + GH; + M — CH,CCH; + M
- CH:CCH + M 3.7 x 107* independent of p 300-1000 + 03at300Krisingto 646
—-CH,.CCH+ H+ M + 0.7 at 1000 K.
ICH; + GHs + M — C3H; 1.1 x 10" jndependent of p  ~ 300-1000 =+ 0.2 at 300 K rising to 647
+ 0.5 at 1000 K.
CH; + O + M—> CH3;0, + M ko(Ar) = 1.5 x 10221733 300-800 + 03 650
ko(N2) = 1.6 x 10-2T7-33 300-800 + 03
ko =13 x 107 T2 300-800 =+ 0.3
F. = 0466 — 130 x 107*T 300-800
CH; + CH; + Ar —» CGHs + Ar ke =6 x 1071 300-2000 =+ 0.05 at 300 K rising to 656
* 0.3 at 2000 K
ko = 3.5 x 1077 T~7° exp(—1390/T) 300-2000 + 03
F. = 0.38 exp(—T/73)
+ 0.62exp(— T/1180) 300-2000 AF. = * 0.1
CH; + CGH: + M—> GHs + M ko = 1 X 10712 exp(—3900/T) 300-600 + 05 661
CHs + GHy + M > n-GH; + M 3.5 x 102 exp(—3700/T) 300-600 * 03 663
CH; + GHs + M—> CHy + M ko =47 x 1071 300-800 +03 665
CHs + CGHs + M - n-CiHypo + M ke =19 x 1071 300-1200 + 03 707
CH:CO + O; + M —» CHsCO; + M 2 x 10712 300 + 03 716

forp = 1-4 Torr.
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4. Data Sheets
O+H.—->O0OH+H

Thermodynamic Data
AHSgs = 7.76 kJ mol !
AS3 = 6.67 J K~'mol~!
K, = 1.8 T%% exp(—917/T)

Rate Coefficient Data

k[cm® molecule~! s~} T[K} Reference Comments
Rate Coefficient Measurements
3.710~ 1% exp(-6916/T) 1400-1900 Schott, Getzinger, and Seitz (1974)" ()
5210~ exp(—4950/T) 363-490 Campbell and Handy (1975)? ®)
8310712 exp(—4330/T) 347-832 Dubinsky and McKenney (1975) 3 (c)
9.1-10-18 298 Light and Matsumoto (1980)* (d)
3.810" exp(—6916/T) 2097-2481 Pamidimukkala and Skinner (1982)° (e)
3.1:10*° exp( - 6976/T) 1700-2500 Frank and Just (1985)% (3]
8.510-%0 T247 exp(—3163/T) 504-2495 Sutherland et al. (1986)7 (2
Reviews and Evaluations
3010~ T*9 exp(—4474/T) 400-2000 Baulch et al. (1972)*
1.8:10~2 T28 exp(—2983/T) 400-1600 Cohen and Westberg (1983)°
2,510~ 17 T2 exp(—3800/T) 300-2500 Warnatz (1984)!°

Comments

(a) Shock wave initiated combustion of Ho/O./CO/COy/
Ar mixtures; [OH] monitored by chemiluminescence
of CO + O reaction. Numerical integration of 12 re-
action mechanism with fitting of X(O + Hy)/k(H +
0.) to experimental results. Based on k(H + O) =
2.0-1077 T7%" exp(—8369/T) cm® molecule™ s 1,

(b) Diffusion-stirred discharge-flow reactor; [O] by air af-
terglow chemiluminescence. Total pressure = 0.4 kN
m2

(c) Discharge-flow system; [O] by resonance fluorescence
at 130.6 nm and air afterglow chemiluminescence.
Given parameters based on resonance fluorescence
measurements.

(d) State-selective reaction rate for H, (v =0). Discharge-
flow reactor; [OH (v =0)] and [OH (v =1)] from laser
induced fluorescence. H; (v =1) suppressed by addi-
tion of CO; and controlled by VUV absorption. Total
pressure 3 Torr.

(e) Shock heating of HyN,O/Ar mixtures; [O] by atomic
resonance absorption spectroscopy. Numerical mod-
elling of 11 reaction mechanism.

(f) Shock heating of Hy/N,O/Ar mixtures; [H] and [O] by
atomic resonance absorption spectroscopy. Total
densities 6:107%-1.3-10~° mol cm ™3,

(g) Flash-photolysis ~ shock tube technique combined
with atomic resonance absorption and resonance flu-
orescence spectroscopy.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Preferred Values

k = 8.5:107% T*¢ exp(—3163/T) cm® molecule ™! s~* over
range 300-2500 K

Reliability
Alog k = * 0.5 at 300 K reducing to + 0.2 for T >
500K .

Comments on Preferred Values

The rate coefficient given by Sutherland etal.” is
taken as the recommendation due to the extremely large
temperature range and the sophisticated methods used.
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O+H.—-OH+H

T/K
2000 1000 500 400 300

CXPERIMENTAL  DATA
-10.0 |-

Dubinaky and McKenny 1975
Dubinsky and McKenny 1975
Compbell and Handy 1975
Light ond Matsumoto 1980
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Sutherfand et of 1986
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Ciyne ond Thrush 1963
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——————— Gulman and Schott 1967
Av Guiman et ol 1967
Hoyermann et ol 1967
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— Bolakhnin et o 1968
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| Browne et ol 1969
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O+OH—->H+O0:;

Thermodynamic Data
AH34s =-70.2 kJ mol !
AS%s = —24.9J K~ 'mol ™!
K, = 33:1072 T%™ exp(+8620/T)

Rate Coefficient Data

k[cm?® molecule~! s™!] TIK] Reference Comments
Rate Coefficient Measurements
441071 425 Campbell and Handy (1977)! (a)
2.0-10~" exp(+112/T) 221-499 Lewis and Watson (1980)> ()
3.810-1 298 Howard and Smith (1980)° ©
6.7-10710 705 250-515 Howard and Smith (1981)* ©)
3.1104 300 Brune, Schwab, and Anderson (1983)° (d)
3.310°1 296 Temps (1983)¢ (e)
Reviews and Evaluations
3.810~1 300 Baulch et al. (1972,1980)7#
3.010-1 300-2500 Warnatz (1984)°
7.5107° T-°5 exp(—30/T) 200-2500 Tsang and Hampson (1986)'°
Comments Comments on Preferred Values :

(a) Discharge-flow system; reaction of O(°P) atoms in Hy/
CO/N; mixtures monitored by observing the chemilu-
minescence of CO + O recombination. Relative
measurement k(O + OH)/k(CO + OH) = 260.
Given k based on k(CO + OH) = 1.7-107® cm®
molecule™! s™L

(b) Low-pressure discharge-flow system. [OH] and [O] by
resonance fluorescence. Results also described by k
= 241071 7732 cm® molecule ™ 572,

(c) Flow system; O formed by microwave discharge, OH
by flash photolysis of H,O. [OH] monitored by reso-
nance fluorescence. Total pressure 3.75 Torr.

(d) Fast-flow reactor; [OH] by laser magnetic resonance,
[O], [H], and [OH] by resonance fluorescence, [O] by
resonance absorption. Total pressures 1.0-3.0 Torr.

(¢) Isothermal flow system; FIR-LMR spectroscopy.

Preferred Values

k = 2.0-10""exp(+ 112/T) cm® molecule "' s~! over range
220-500 K

k = 2.410""exp(—353/T) cm® molecule ™! s~! over range
10002000 K

Reliability
Alog k = + 0.2 over range 220-500 K
Alog k = = 0.1 over range 1000-2000 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

According to the potential energy surface two sets of
rate parameters are recommended. In the low tempera-
ture region the results of Lewis and Watson® have been
chosen whereas for higher temperatures the parameters
have been calculated from the rate of the reverse reaction
H + O; - O + OH and the equilibrium constant.

For clarity, rate data measured before 1972 are in-
cluded in the Arrhenius plot (see Baulch et al.” for Ref.).
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O+OH—->H+O;
T/K

2000 1000 500 400 300
T T T T T

o
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A
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O+H02—)0H+Oz

Thermodynamic Data
AHS9s = —221 kJ mol~!
AS3s = —129 J K 'mol~?
K, = 8.29 T~ exp(+26400/T)

Rate Coefficient Data

k[cm® molecule™! 57%] T[K] Reference Comments
Rate Coefficient Measurements
5.510-1 1050 Day, Thompson, and Dixon-Lewis (1973)! (a)
1.7-10-1 1000 Dixon-Lewis and Rhodes (1975)* (b)
3.510~ 1 293 Burrows, Harris and Thrush (1977)3 ()
33101 298 Hack et al. (1979)* (d)
3.110-1 296 Burrows et al. (1979)° (e)
710~ 298 Lii, Sauer, and Gordon (1980)° 43)
5410~ 296 Sridharan, Qiu, and Kaufman (1982)’ (®
3.1.10~ " exp(+200/T) 230-370 Keyser (1982)% (h)
6.210-4 298 Ravishankara, Wine, and Nicovich (1983)° @)
5.210™* 300 Brune, Schwab, and Anderson (1983)'¢ @)
2.910~" exp(+228/T) 266-391 Nicovich and Wine (1987)"! (k)
Reviews and Evaluations
L0-107° exp( —349/T) 300-800 Baulch et al. (1976)"
3.2107% 298 Baulch et al. (1980)"2
33101 298 Kaufman and Sherwell (1983)!
3.3-10-1 300-1000 Warnatz (1984)%
2.810~ exp(+200/T) 300-1000 Tsang and Hampson (1986)'¢

Comments

(a) Computer simulation of burning velocities of rich Hy/
O>/N; flames. No great accuracy.

(b) Flat flame study; evaluation of existing experimental
data.

(c) Fast flow system; [OH] and [H,O,] by laser magnetic
resonance.

(d) Isothermal discharge-flow tube; total pressures 1-10
mbar He. [O] by ESR, [HO:] by LMR.

(¢) Fast flow system; total pressure = 1 Torr. [OH] and
[HO.] by laser magnetic resonance. Value of k based
on either k(O + OH) or k(OH + H;0:) from Ref.
17.

(f) Pulse radiolysis of Ho/O,/Ar mixtures at total pressure
of 1200 Torr. [HO,] and [Os] by absorption measure-
ments. Numerical integration of a system of 10 reac-
tions and adjusting of k to fit the experimental results.

(g) Discharge-flow tube. [HO,] monitored by rapid con-
version to OH with large excess of NO, [OH] by laser
induced fluorescence, [H] and [O] by VUV resonance
fluorescence.

(h) Discharge-flow system. [HO,] monitored by rapid
conversion to OH with large excess of NO. [OH], [H],
and [O] by resonance fluorescence.

(i) Laser photolysis of a mixture of H,0; and O; in N; or
Ar under slow flow conditions. [O] by time-resolved
resonance fluorescence, [H20;] by absorption mea-
surements. k found to be independent of pressure in
the range 10-500 Torr.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

(j) Discharge-flow system. [HO.] by LMR and conversion
to OH by NO. [OH] by LMR and resonance fluores-
cence, [O] by resonance fluorescence and resonance
absorption. No pressure dependence of k observed.

(k) Pulsed laser photolysis of H,0/03/N; mixtures (80
Torr) under slow flow conditions. Time-resolved res-
onance fluorescence of O(P).

Preferred Values
= 5.4107" cm® molecule ! s~ over range 300-1000 K

Reliability
Alog k = + 0.3 at 300 K rising to + 0.5 at 1000 K

Comments on Preferred Values

The recommendation is based on the value of Sridha-
ran et al.” which is in agreement with the majority of the
other measurements within the error limits.
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0 + HzOz —>H02 + OH (1)
'—>H20 + 02 (2)

Thermodynamic Data
AH3es (1) = —63.6 kJ mol ™!
AS5s (1) = 18.8J K~ 'mol ™!
K,(1) = 1.02:10° T~°5% exp(+7390/T)

AH3 (2) = —354.9 k¥ mol~!
AS3s(2) = 007 K~'mol !
K,(2) = 527107 T~ exp(+42370/T)

Rate Coefficient Data (k = ki + k)

k[cm® molecule™* s71] TIK] Reference Comments
Rate Coefficient Measurements
4710~ exp(—3220/T) 370-800 Albers et al. (1971)} (a)
2.8:10712 exp(—2125/T) 283-368 Davis, Wong, and Schiff (1974)? (b)
1.1-10™*2 exp( — 2000/T) 298-386 Wine et al. (1983)° (c)
ky/k > 02
Reviews and Evaluations
4.6-107"* exp(—3223/T) 300-1000 Warnatz (1984)*
1.610°17 T2 exp(—2000/T) 300-2500 Tsang and Hampson (1986)°

Comments

(a) Discharge-flow system; [O] monitored either by ESR
combined with normal mass spectrometry or by
molecular beam sampling coupled to time-of-flight
mass spectrometer, [H,O,] by mass spectrometry.
Equal probability for channels (1) and (2).

(b) Flash photolysis of Os; at 600 nm; [O] by resonance
fluorescence. Results confirmed by the work of
Roscoe® on numerical simulations of O + H;O; in a

- fast-flow system.

(c) Pulsed laser photolysis of ozone at 532 nm. [O] mon-

itored by time-resolved resonance fluorescence.

Preferred Values

k = 1.1-107" exp(—2000/T) cm® molecule™! s~! over
range 300-500 K

Reliability
Alog k = * 0.3 over range 300-500 K

Comments on Preferred Values

The value of Albers et al.(1971)! is rejected because of
the complex system studied. The value measured by Wine
etal. (1983)°, agreeing with that of Davis, Wong and
Schiff (1974)%, well within the error limits quoted, has
been taken as recommended value because of the mod-
ern experimental technique.

For clarity rate data measured before 1972 are in-
cluded in the Arrhenius plot (see Baulch ef al.” for Ref.).
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O + NH; — OH + NH;

Thermodynamic Data
AHBe = 26.1 kJ mol—?!
AS3s = 24.6 J K~'mol ™!
K, = 478 T 945 exp(—3420/T)

Rate Coefficient Data

k[cm?® molecule™! s~} T[K] Reference Comments
Reviews and Evaluations
2.5-10712 exp(—3020/T) 300-1000 Baulch et al. (1973)! (a)
1.8:1071® T2 exp(—2620/T) - Cohen (1987)2 (b)

Comments

(a) Review of data up to 1973,

(b) Thorough review of Refs. up to 1987, results checked
and recalculated. Recommended k value based upon
evaluation of previous data and also upon transition
state theory -calculations resulting in a higher than
usual value of the 7" term. :

Preferred Values

k = 1.610™" exp(—3670/T) cm® molecule™ s™! over
range 500- 2500 K

Reliability
Alog k = =+ 0.5 over range 500-2500 K

Comments on Preferred Values

Studies up to 1987 have been comprehensively re-
viewed by Cohen? and only review articles are tabulated
here.

The k values at high temperatures have all been ob-
taincd by fitting experimental results of flame studies® or
shock tube studies'!%!" to assumed reaction mechanisms.
Hence the accuracy of the resulting k value is dependent
upon the sensitivity of the experimentally measured
quantities to the rate of this particular reaction; in this
respect the work of Salimian ef al.' is the most sensitive,
although all of the quoted k values agree to within a fac-
tor of 3. There is similar agreement between the studies
at low temperatures, which have used discharge flow
techniques™'*!!, stirred flow reactors®® and static photol-
ysis techniques'? with the exception of the more recent
study of Perry™ using laser photolysis of O, and [O] de-
tection by NO; chemiluminescence. This study is fa-
voured by Cohen? as the technique should be free from
complicating secondary reactions. The expression given
by Cohen? has a large T" value based on transition state
theory and leading to a high degree of curvature in the
Arrhenius plot at high temperatures which is not evident
in the experimental data.

The recommended values are based on the work of Sal-
imian ef al.' at high temperatures. At low temperatures
it seems likely that most of the earlier studies are affected
by secondary reactions and only that of Perry® is likely to
be exempt from that criticism.

However, until Perry’s results are confirmed, we adopt
an expression with substantial error limits and lying be-
tween the results of Perry** and the older measurements.
No T" term has been included due to lack of direct exper-
imental evidence for it but some curvature of the Arrhe-
nius plot is likely.
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O+ CH - H+CO )
—> CHO* + e~ (2)

Thermodynamic Data
AH3s (1) = —736 kJ mol~!
AS3es (1) = —31.7 3 K-'mol™!
K,(1) = 3.341072 T ~0%™ exp(+88500/T)

Rate Coefficient Data

k[cm® molecule~! s™!] T{K] Reference Comments
Rate Coefficient Measurements
ky = 281078 2000-2400 Peeters and Vinckier (1975)* (a)
k2 = 9.510~" exp(— 3020/T) 1700-2100 Matsui and Nomaguchi (1978)? (b)
ky = 2410" 295 Vinckier (1979) ' (c)
E;/R = 805K
ki = 941071 298 Messing et al. (1980)* (d)
ki = 331071 298 Homann and Schweinfurth (1981)° (e)
ky = 1221078 298 Becker ez al. (1982)8 (f)
ky = (1.7-2.5 )10~ 1500-2500 Frank, Bhaskaran, and Just (1986)° (®)

Comments

(a) Flat flames of CH, and/or C;H, at 16.5 and 40 Torr.
Saturation current method; concentration profiles by
molecular beam sampling and mass spectrometric
analysis. Rate of ion generation was found to be ~
[CH}O].

(b) Premixed CH./air flames; saturation current, [OH] by
UV absorption, emission of OH*, CH*, and CO + O
chemiluminescence, NO, NO;, CO, and CO; by mi-
croprobe sampling, [O] from partial equilibrium as-
sumption.

(c) Fast flow reactor; C;H,/O/O; system. Molecular beam
sampling coupled to mass spectrometer; saturation
current.

(d) IRMPD of CH3OH in the presence of excess O. Total
pressure 5-10 Torr Ar. [CH] by laser induced fluores-
ccnce.

(e) Discharge-flow system; reaction of C;H, with O and H
atoms. Total pressure 1.4-8 mbar. Mass spectromet-
ric observation of formation of C:Hi C.H. and
CH;O. Computer modelling of 25 reaction mecha-
nism.

(f) Flow reactor; C;H»/O system. Saturation current
method.

(g) Shock heating of highly diluted acetylene/nitrous ox-
ide/Ar mixtures. [H], [O], and [CO] by resonance ab-
sorption spectroscopy. Total pressures 1.5-2 bar.

Prcferred Values

ki = 6.610™"" cm® molecule™! s~! over range 300-
2000 K

k2 = 4.2107" exp(—850/T) cm® molecule™" s~! over
range 300-2500 K

Reliability
Alog k; = = 0.5 over range 300-2000 K
Alog k; = = 0.5 over range 300-2500 K

Comments on Preferred Values

The recommendation of ;, is based on the given exper-
imental data**". The value of k; is derived from the mea-
surements at high and low temperatures available>*%,
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O0+3%CH, > CO+2H (1)
SCO+H: (2)
Thermodynamic Data
AH3 (1) = —310.8 kJ mol ™! AH3yg (2) = 746.7 kJ mol ™!
AS3s (1) = 703 J K~ 'mol AS3s (2) = —28.3 J K~'mol~!
K,(1) = 3.81 T'* exp(+37600/T) atm K,(2) = 0.122 T~°1% exp(+89700/T)
Rate Coefficient Data (k = ki + k)
k [cm® molecule~! s~1] T[K] Reference Comments
Rate Coefficient Measurements
1.3-10-1 290-600 Vinckier and Debruyn (1978,1979)!2 (a)
810~1 298 Homann and Schweinfurth (1981)° (b)
1410~ 296 Bohland, Temps, and Wagner (1984)* (c)
ky = 210~ 15002500 Frank, Bhaskaran, and Just (1987)° (d)
ky = 1-1071°
Reviews and Evaluations
8107 800-2000 Warnatz (1984)° (e)
1.910-1 298 Tsang and Hampson (1986)” ®
Comments Reliability
Alogk = = 0.3

(a) Discharge flow study of O + C;H, with molecular |

beam sampling and mass spectrometric analysis. Rate

coefficient determined from the approach of the

[*CH,] signal to its steady-state value'. The tempera-
ture dependence, corresponding to an “activation en-
ergy” of —0.4 + 0.8 kJ mol~!, was determined from
the steady state concentration of *CH; and relies on
a measured value of 13 + 0.8 kJ mol~* for the activa-
tion energy of OCP) + CH..

(b) Discharge flow system, mass spectrometric detection.
Rate coefficient extracted from 25 reaction mecha-
nism.

(c) Discharge flow, [O(°P)] and [*CH:] determined by
LMR. Used [*CH;] = (0.6-1.4)10" cm™® and
[OCP)) / [*CH:}e = 2-20. Secondary reactions of
CH; (e.g.with the wall, O,, H, and *CH,) were care-
fully assessed.

(d) Reflected shock wave in N,O/C;H,/Ar. CO, H, and O
detected by resonance absorption. Numerical fits to
14 reaction mechanism.

(e) Evaluation based on Refs. 1-3.

(f) Based on an evaluation by Laufer® of the data from
Ref. 1 reputed to determine
k(CH:+O)/k(*CH, + GH,). The low value of
k(*CH, + C;H.) renders this analysis erroneous.

Preferred Values

k = 2:107" cm® molecule™! 57! over range 300-2500 K
ki/k =06

A(ki/k) = = 0.3

Comments on Preferred Values

The most direct measurement is that of Béhland et al .*,
but there is excellent agreement with the values of Frank
etal® at high temperatures. The rate constant ratio is
based primarily on the data of Frank et al.’, but Tsang
and Hampson’ suggested ki/k = 0.5, based on the vibra-
tional energy distribution in the product CO®. For such an
exothermic reaction, the channel efficiencies would not
be expected to show a temperature dependence.
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O + CH; - HCHO + H

Thermodynamic Data
AH3s = —293 kJ mol !
AS%s = —23.0 J K™ 'mol ™!
K, = 143102 T%1% exp (+3.54-109T)

Rate Coefficient Data

k[ cm® molecule ™! s~! ] T[K] Reference Comments
Rate Coefficient Measurements
1.3.10-1° 1700-2300 Bhaskaran, Frank, and Just (1979)! (a)
1.14-10-1 295 Plumb and Ryan (1982)? (b)
1.4-10-1 294-900 Slagle, Sarzynski, and Gutman (1987)° (©
Reviews and Evaluations
1.2:10-1° 300-2500 Warnatz (1984)*
131071 295 Tsang and Hampson (1986)°

Comments

(a) Shock-tube decomposition of C;Hs / O; mixtures with
direct detection of H and O by atomic resonance ab-
sorption spectrometry. Rate coefficient derived from
a computer simulation of [H] and [O] profiles.

(b) Flow-discharge with mass spectrometric detection of
O and CHj, decay of [CH3] measured under pseudo
first-order conditions with [O] > > [CHs].

(c) Flow system with generation of CH; and O(*P) from
the simultaneous in situ photolysis of CH:COCH;
and SO; and determination of [CH;] and [O] by pho-
toionization mass spectrometry. Experiments were
performed under conditions such that [O]/[CH3] >
20 and the rate coefficients were determined from
the decay of CHs. k found to be independent of pres-
sure over the range 1-22 Torr. k confirmed by mea-
surements of the rate of formation of HCHO, the
sole observable product.

Preferred Values

k = 1.4107" cm® molecule ™! s~ over range 300-2500 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Reliability
Alog k = = 0.2 over range 300-2500 K

Comments on Preferred Values

The experiments of Plumb and Ryan? and Slagle et al 3
are in accord with the evaluations of Warnatz' and of
Tsang and Hampson®. Here we have recommended the
rate coefficient reported by Slagle and eral?, a study
which also confirms that the reaction involves only one
channel forming HCHO and H.
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O+CH4—>OH + CH3

Thermodynamic Data
AHBos = 10.4 kJ mol !
AS3s = 30.6 I K™'mol™!
K, = 328102 T8 exp(—1560/T)

Rate Coefficient Data

k [cm® molecule™? s™1] Temperature [K] Reference Comments

Rate Coefficient Measurements
1.1610~*! exp(—3875 /T) 450-600 Brown and Thrush (1967) ! (a)
1.66:10~1° exp(—5033/T) 375-576 Wong and Potter (1967) (b)
3.3-10~! exp(—4630/T) 297-904 Westenberg and DeHaas (1969)° ©)
26107 exp(—4000/T) 1750-2575 Dean and Kistiakowsky (1971)* . (d)
3.2:107* exp(—5900/T) 1200-2000 Brabbs and Brokaw (1975)° (e)
6.810 ' exp( —7030/T) 15002250 Roth and Just (1977)¢ o
2.01-1071° exp( — 5435/T) 474-1156 Klemm et al. (1981)" (g)
2.63:10~18 7236 exp(—3730/T) 4201670 Felder and Fontijn (1981)* (h)
9.21071° 724 exp(~ 2838/T) 763-1755 Klemm ef al. (1986)° @)

Reviews and Evaluations
3.510~1 exp(—4550/T) 350-2000 Herron (1969)™° )
3.510" ! exp(—4550/T) 350-1000 Herron and Huie (1973)!! ()
8.510-" T cxp(—3240/T) 300-2000 Shaw (1978)12 @
5.24-10-12 TS exp(—5179 /T) 475-2250 Klemm et al. (1981)’ x)
2010~ T21 exp(—3837/T) 300-2200 Warnatz (1984)"3 ®
2.69-10~% T23 exp(—3570/T) - Cohen (1986)" (m)
3.44-1018 T232 exp(—~3713/T) 400-2000 Wagner (1986)'S (0)
1.7107%5 T*5 exp(—4330/T) 400-2200 Tsang and Hampson (1986)"¢ ®)
11511075 T %8 exp(—4270/T) 400-2250 Klemm et al. (1986)° (qQ)

Comments

(a) Discharge flow; ESR detection of O atoms. Some
doubt about stoichiometry of reaction.

(b) Discharge, stirred reactor; time-of-flight mass spec-
troscopy. Assumed A[OYA[CH.] = 4, but Cohen™
suggests a value of 6 to 7 at 400 K. k values probably
high at least 50% (not plotted).

(c) Discharge flow; ESR detection of O atoms. Cohen'
suggests points below 400 K are too high due to use
of incorrect stoichiometry.

(d) Shock tube; fitting of d[CO-}/dt profiles; complex sys-
tem.

(e) Shock tube; monitoring CO flame band emission;
complex system.

(f) Shock tube; vacuum UV detection of O atoms.

(g) Flash photolysis-resonance fluorecence (474-520 K);
discharge flow-resonance fluorescence (548-1156 K).
Very pure CH, used.

(h) Flash photolysis-resonance fluorescence. Purity of
CH. not stated.

(i) Flash photolysis—shock tube. Very pure CH, used.

(i) Review of early data.

(k) Parameters based on ‘collision’ model of reaction.

() Recommended value based on Refs. 6 and 8.

(m)Temperature range not specified, but 400-2000 K
likely.

(o) Fit to rate constants calculated from activated com-
plex theory.

(p) Based on data from Refs. 6, 7, and 8.
(q) Based on data from Refs. 3, 5-9.

Preferred Values

k = 1.15107% T'% exp(—4270/T) cm*® molecule™! s™*
over range 300-2500 K

Reliability
Alog k

I

+ 0.15 at 2500 K
+ 0.05 between 1000 and 500 K, rising to 0.1
at 400 K and at least 0.3 at 300 K.

Comments on Preferred Values

Between 400 and 2000 K there is excellent agreement
between a number of reliable studies. The recommended
value of k is that derived by Klemm et al.’, who subjected
the data of the more reliable studies to a rigorous analy-
sis. Below 400 K, however, the value of k is considerably
more unreliable, due to uncertainties in the reaction
stoichiometry. All workers appear to have overestimated
the value of k.
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O+ CHO - OH + CO (1)
— H + CO; (2)

Thermodynamic Data
AH3ss (1) = —364 kJ mol ™!
AS3es (1) = —4.32J K~ 'mol~!
K,(1) = 20.7 T2 exp(+43600/T)

AHSg; (2) = —468 kJ mol ™!
AS35s (2) = =571 K~ 'mol™?
K,(2) = 8.7610-5 T°®6 exp(+56600/T)

Rate Coefficient Data (k = ki + k)

k[cm?® molecule~! s~1] TX] Reference Comments
Rate Coefficient Measurements
ky = 510~ 1000-1700 Browne et al. (1969)! (a)
ki/k =08 300 Niki, Daby, and Weinstock (1969)? (b)
ky/ky = 0.73 298 Westenberg and deHaas (1972)* (c)
ko /k = 046 300 Mack and Thrush (1973)4 ()
k. 21101 297 Washida, Martinez, and Bayes (1974)° (e)
ki/k =04 425 Campbell and Handy (1978)¢ (43)
Reviews and Evaluations
ky = 51074 300-2000 Warnatz (1984)’
k, = 51071 300-2000
ky = 51071 300-2500 Tsang and Hampson (1986)*
ks = 5-10~1 300-2500

Comments

(a) Modelling study of rich and lean acetylene flames at
low pressures; species profiles by gas chromatography
and by absorption measurements (OH, CH, and C,).

(b) Discharge-flow system, C;Hs + O reaction; time-of-
flight mass spectrometry.

(c) Fast flow system; O atoms generated by microwave
discharge. [O] monitored by ESR, [CO;] by mass
spectrometry.

(d) Discharge-flow system; reaction CH;O + O studied.
Products analysed by gas chromatography, [O] and
[H] by ESR.

(e) Fast flow reactor; C;Hs + O system free of O3; pho-
toionisation mass spectrometry. k derived from the
rate of approach of [CHOYJ to its steady-state value.

() Stirred flow reactor; O/Hx/N; or Ar system with vari-
ous amounts of CO added. [O] monitored by CO +
O chemiluminescence.

Preferred Values

ky = 510" cm® molecule ™! s~ over range 300-2500 K
k2 = 5107" cm® molecule™! s~ over range 300-2500 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Reliability
Alog k; = = 0.3 over range 300-2500 K
Alog k; = = 0.3 over range 300-2500 K

Comments on Preferred Values
The recommendations of Warnatz’ and Tsang and
Hampson® are adopted.
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(1974).

1. M. Campbell and B. J. Handy, J. Chem. Soc., Faraday Trans. I, 74,
316 (1978).

7J. Warnatz, in “Combustion Chemistry”, ed. W. C. Gardiner, Springer-
Verlag, New York (1984).
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O + HCHO — OH + CHO

Thermodynamic Data
AH34s = —50.8 kJ mol™?
ASSs = 28.6 J K~ 'mol !
K, = 6.88-10% T-0315 exp(+5810/T)

Rate Coefficient Data

k [cm® molecule™! s~1] TIK] Reference Comments

Rate Coefficient Measurements
151078 300 Herron and Penzhorn (1969)! (a)
161071 , 298 Niki ef al. (1968) (b)
1.010-1 1400-2200 Izod et al. (1971)° ©)
15104 300 Mack and Thrush (1973)* )
8.310~" exp(—2300/T) 1875-2240 Bowman (1975)° (e)
2.8'10~** exp(—1525/T) 250498 Klemm (1979)¢ (4]
3.8:107" exp(—1583/T) 296437 Chang and Barker (1979)" (2)
30107 exp(—1554/T) 298-748 Klemm et al. (1980)* (h)

Reviews and Evaluutions
58101 exp(~1768/T) 300-2500 Warnatz (1984)° )
3.0-107 ! exp(—1550/T) 298-750 NASA (1985)10 1))
3.010~! exp(—1550/T) 250-750 Tsang and Hampson (1986)"1 ®)

Comments Reliability

(a) Room temperature study using discharge flow of Ar/
O; or No/NO. Mass spectrometric detection of
reagents and products. [O] determined by titration.

(b) Room temperature discharge flow study of O +
C;H.. Value of k concluded from mass spectrometric
detection of product time profiles.

(c) CO/Ar/O; mixtures investigated in incident shock

- waves. Time profiles for CO and product CO; used
for computer fitting of 4 variable rate constants. Not
a true determination of k.

(d) Room temperature study using discharge flow of N/
NO. [O] determined by titration and ESR.

(e) CH4/O/Ar mixtures investigated in incident shock
wavcs, k& determined from computer fitting.

(f) Flash photolysis; resonance fluorescence detection of
O atoms.

(2) Discharge flow; mass spectrometric detection of O
atoms.

(h) Discharge flow; resonance fluorescence detection of
O atoms.

(i) Uses high temperature data of Bowman® and low tem-
perature data as cited on this sheet.

(i) Based on the results of Klemm®, Chang and Barker’,
and Klemm et al .

(k) Accepts the NASA evaluation'®.

Preferred Values

k = 6.8510"" T exp(—1390/T) cm® molecule™* s™*
over range 250-2200 K

Alog k = = 0.3 at 2000 K reducing to + 0.1 at 298 K

Comments on Preferred Values

The preferred values are based on the low temperature
data which are all in good agreement, and on the higher
temperature value of Bowman®. The earlier high temper-
ature values of Izod et al > exceed the preferred values by
factors of 3.4 and 6.3 at 2200 and 1400 K respectively.
These results are considered unreliable, however, since
they were inferred from the computer modelling of
reagent and product time dependences using an assumed
chemical model. Three other rate coefficients were
simultaneously determined, and the derived k values nec-
essarily depend on other rate constants in the model.
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O + CH;0 — O: + CH; (1)
— OH + HCHO  (2)

Thermodynamic Data
AH3gs (1) = —119.6 kJ mol~?
AS3gs (1) = 9.6 J K~'mol "
K,(1) = 88.8 T-*% exp(+14100/T)

AH343 (2) = ~342 kJ mol ™!
ASis (2) = 12.8 1 K-1mol-!
K, (2) = 38410% T~05 exp(+40900/T)

Rate Coefficient Data (k = k; + k)

k [ecm® molecule~?! s~1] T[K] Reference Comments
Rate Coefficient Measurements
25101 . 298 Ewig, Rhisa and Zellner (1987)! (a)
ky/k =012 298
Reviews and Evaluations
1.0-10-1 300-2500 Tsang and Hampson (1986)? (b)

Comments

(a) Laser photolysis of CH;ONO/O3/N; mixtures at 248
nm; CH30 detected by LIF in presence of excess O.
(b) Estimate with uncertainty of a factor of 5 quoted.

Preferred Values

k = 2.5:107'! ¢cm® molecule ™! s~! over range 300-1000 K
k2 [k =0.12 at 298 K ,

Reliability
Alog k = = 0.7 at 1000 K reducing to + 0.3 at 300 K
Akyk = = 0.1 at 298 K

Comments on Preferred Values
The recent direct measurement of this rate constant
confirms that this highly exothermic reaction occurs

rapidly, as predicted. The recommended value is based
on the single experimental measurement at 298 K with an
assumed zero temperature dependence. The branching
ratio measured in recent work of Zellner and co-workers!
at room temperature is also recommended. CH;O is un-
stable at high temperatures prevalent in most combustion
systems.
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O+ CN—CO+N(*s) (1)
-~ CO + N(D) (2)

Thermodynamic Data
AH39s (1) = —322 kJ mol ™!
AS3s (1) = —128 I K 'mol !
K,(1) = 0.361 T-%97 exp(+38700/T)

AH30: (2) = —92kJ mol~!
AS35 (2) = 1.1J K~ mol~!
K,(2) = 1.92 T~ exp(+11036/T)

Rate Coefficient Data (k = ki + k)

k[cm® molecule ! s~} TIK] Reference Comments
Rate Coefficient Measurements )
8.010~12 1500 Shaub and Bauer (1978)! (a)
3.010™4 2000 Louge and Hanson (1984)? )
Reviews and Evaluations
1.7-10-1 298 Baulch et al. (1981)* ©
1710~ 298 CODATA (1984)* (d)
Comments Hanson? and Shaub and Bauer! at high temperatures, Bo-

(a) Shock tube study on C;H/NO/O; mixtures. Gas chro-
matographic analysis of products. Computer fit of re-
sults to reaction mechanism.

{(b) Shock tube study of (CN)./O2/Ar mixtures. [CN] mon-
itored by absorption at 388 nm. Computer fit of results
to reaction mechanism.

(c) All data reviewed, recommendation made for low
temperatures only.

(d) Low temperature data only.

Preferred Values
k-= 1.710"" cm?® molecule ! s~! over range 300-5000 K

Reliability
Alog k = * 0.2 at 298 K rising to = 0.6 at 5000 K

Comments on Preferred Values

All measurements up to 19783 and low temperature re-
sults up to 1984 have been reviewed. Only recent results
not considered there are tabulated here.

At low temperatures there is good agreement among
the data from Refs. 8-12. At higher temperatures there
are two recent shock tube studies'? in fair agreement and
compatible with the low temperature results if the tem-
perature cocfficient of the rate constant is very small. The
preferred values are based on the results of Louge and

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

den and Thrush® between 570 and 687 K, and Refs. 8-12
at low temperatures.

Schmatiko and Wolfrum'"? have reported a branching
ratio k; / k; = 0.8 £ 0.1 at 298 K.
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O + NCO — NO + CO (1)
- 0, + CN (2)

Thermodynamic Data
AHBos (1) = —429 kJ mol-!
AS3s (1) = 151 3 K~'mol !
K,(1) = 9.6610° T~197 exp(+51200/T)

AH3s (2) = 26.6 kJ mol~*
AS30s (2) = 145 J K~'mol !
K,(2) = 2.91-10° T-°95 exp(—3500/T)

Rate Coefficient Data (k = ki + k)

k[cm?® molecule~! s~1] TIK] Reference Comments

Rate Coefficient Measurements
3.3210-1 1500 Mulvihill and Phillips (1975)! (a)
1.66-10~12 1500 Phillips (1976)* )
1.66-10~ 1700 Lifshitz and Frenklach (1980)* (c)
6.61.10-11 1450-2600 Higashihara, Saito, and Murakami (1983)* ()]
9.34-10~1 1450 Louge and Hanson (1984)° (e)
ky = 525107 1680-2250 Higashihara et al. (1985)% o

Comments Comments on Preferred Values

(a) Flame study of Ho/N»/O,/C;N; mixtures. Analysis of
products by quadrupole mass spectrometry. k derived
from computer fit of data to assumed reaction mech-
anism.

(b) Computer modelling of system previously studied ex-
perimentally’. Improved data and extended mecha-
nism used. -

(c) Shock tube study of C;N;/O/Ar mixtures. Induction
times measured. Results fitted by computer mod-
elling of 15 reaction mechanism. Only approximate
value of k obtained.

(d) Shock tube study of HCN/O»/NO, mixtures. Induction
times measured. Ultraviolet emission at 306 nm due
to OH and infrared emission at 5.34 pm, mainly due
to NO with some contribution from HCN and H;O,
monitored as a function of time.

(e) Shock tube study of C;:N»/O,/N,0O. [NCO] monitored
as a function of time by absorption spectroscopy at
440.5 nm.

(f) Shock tube study of BrCN/O2/Ar mixtures. [NO] mon-
itored as a function of time by infrared emission spec-
troscopy.

Preferred Values
k = 7.0-10~"* cm® molecule ~! s~ over range 1450-2600 K

Reliability
Alog k = + 0.8 over range 1450-2600 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

All of the existing data result from computer simula-
tion of experimental measurements. In many cases the fit
is not very sensitive to the value of k. The recommenda-
tion is based on the work of Louge and Hanson® and Hi-
gashihara et al 5, who have made the most direct studies.
Both were shock tube measurements but in one [NCO]
was monitored and in the other [NO]. The error limits
are large, reflecting the difficulty of studying this reaction
in isolation at high temperatures, but the agreement be-
tween the studies is good and they are in accord with the
other values available'*.

Comparison of the results of Louge and Hanson®, mea-
suring k, and those of Higashihara et al., measuring k;,
suggest that channel (1) is dominant at temperatures in
the range 1450-2600 K, but the data are too imprecise to
recommend a branching ratio.
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O+HCN—>NCO+H (1)
->CO+NH (2
>OH+CN (3)

Thermodynamic Data (See Comments on Preferred Values)

AH3g (1) = —7.0 kJ mol ™!
AS3s (1) = —16.0 J K~'mol !
K,(1) = 3.821073 T%5% exp(+995/T)

AH3o5 (3) = 89.8 kJ mol~?
ASs (3) = 23.5 J K~'mol !
K,(3) = 3.3510° T-7 exp(— 11100/T)

AH3e (2) = —138 kJ mol~?
AS3es (2) = 16.0 J K~'mol~*
K,(2) = 1.34-10° T~ exp(+16300/T)

Rate Coefficient Data (k = ki + k2 + kj)

k[cm* molecule™? 5~'] T[K] Reference Comments
Rate Coefficient Measurements
8.610~ 12 exp( —4090/T) 450-650 Davies and Thrush (1968)! (a)
1.94-10~'" cxp(— 7460/T) 1800-2500 Roth, Léhr, and Icrmanns (1980)2 (b)
ky = 1.21:10™ Yexp( — 7460/T)
9.8:10 12 exp(—4000/T) 574-840 Perry and Melius (1985)° (©
ki = 831071 1440 Louge and Hanson (1985)* d)
k, = 3.7-10~1! exp(—7740/T) 1800--2600 Szekely, Hanson, and Bowman (1985)° (<)
k3 < 8.3-10~ exp(—11000/T) 2000-2500

Comments

(a) Discharge flow study. O atoms generated by N + NO
and [O] monitored by NO + O chemiluminescence.
Stoichiometry of 2.0 = 0.4 for O removal interpreted
as due to O + HCN — NCO + H, O + NCO —
NO + CO, but possibility of contribution from other
channels recognized.

(b) Shock tube measurements on HCN/N,O/Ar mixtures.
[H] and [O] monitored by absorption at 121.6 nm and
130.5 nm, respectively.

(c) Laser pulse photolysis of Oz, NO, or N.O at 157 nm
to produce O atoms. HCN in large excess. [O] moni-
torcd by NO + O chcmilumincscence at 514.5 nm
and [NCO] monitored by laser induced fluorescence
at 416.81 nm. [NCO] measurements confirm channel
(1) to be a major route over temperature range
studied. Theoretical calculations suggest the follow-
ingky = 3.3-107% T exp(—3750/T") cm® molecule ™!
s, ke = 9.0107 T' exp(—3800/T) cm®
molecule ' s7!, k3 = 4.5107% T exp(— 13300/T)
cm® molecule ™' s77, and k = 9.8:107'2 exp( — 4000 =
600/T) cm® molecule ! s~! over the range 540-900 K.

(d) Shock tube measurements on HCN/O»/N,O/Ar mix-
tures. [NCO] monitored as a function of time by laser
absorption at 440.479 nm. ki/k(O+CNy) = 2.4*33
obtained from computer fit. k(O+CN;) =
7.47-1071 exp(—440/T) cm® molecule~!s~! used® to
obtain k;.

(e) Shock tube measurements on HCN/N,O/Ar mixtures.
[CN] and [NH] monitored as a function of time by ab-
sorption at 388 nm and 336 nm respectively. Com-
puter fit of assumed mechanism (37 reactions).

Preferred Values

k = 231078 T*! exp(—3075/T") cm® molecule ~* s~! over

range 450-2500 K
Branching ratios: see Comments on Preferred Values

Reliability
Alog k = = 0.2 at 450 K rising to *+ 0.3 at 2500 K

Comments on Preferred Values

This reaction is particularly important in the conver-
sion of fuel nitrogen to nitric oxide in combustion pro-
cesses. It may proceed by direct abstraction (channel (3))
or by formation of an adduct which can isomerize and/or
decompose (channels (1) and (2)).

The overall rate constant is reasonably well-defined
over a wide temperature range, all of the experimental
studies being in good agreement. The preferred values
are based on all of these studies.

Experimental work and theoretical calculations*® are
in agreement that channel (1) predominates over the
whole temperature range with channel (3) being negligi-
ble at low temperatures and becoming significant at high
temperatures. There are insufficient experimental data to
make recommendations for k;, k2, and ks. The theoreti-
cally derived branching ratios of Perry and Melius® agree
well with the experimental data for k; and k; and probably
offer the best available guide for these quantities, but
there is some discrepancy between theory and experi-
ment for k5>,

The thermodynamic data for channel (2) should be
used with caution. There are significant uncertainties as-
sociated with the data on NH.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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O + CH;00H — OH + CH;00 1)
— OH + CH.0O0H  (2)

Thermodynamic Data
AH3s (1) = —61.0 kJ mol~*

Comment

There are no experimental data for the reaction of
O(’P) with CH;00H. The rate constant for the reaction
of OH with CH;O0H is equal to that for OH + HCHO,
and since relative reactivities of O and OH towards H ab-
straction are similar, the overall expression for k (= k; +
k) is the same as for O + HCHO i.e. k = 6.85:107 3 7%

AH3% (2) = —16.0 kJ mol ™!

exp(—1390/T) cm® molecule™! s~! over the range 300-
1000 K. Comparison with the rate constant for the reac-
tion O + H,O0; = OH + HO; indicates that abstraction
of the peroxidic H is slower and provisionally it is sug-
gested that channel (2) is dominant.

O+C:H—-CH+ CO

Thermodynamic Data
AH3y = —326 kJ mol~!
AS%s = 12.1 J K~ 'mol~!
K, = 3.67°107 T~0%% exp(39000 / T)

Rate Coefficient Data

k[cm® molecule~! 571] TIK] Reference Comments
Rate Coefficient Measurements
2,410~ exp(—1585/T) 1400-2600 Shaub and Bauer (1978)" (a)
= 17101 298 Homann and Schweinfurth (1981) )
= 1.210~% 298 Grebe and Homann (1982)3 (c)
Reviews and Evaluations
1.710~1 300-2500 Warnatz (1984)*
3.010-1 300-2500 Tsang and Hampson (1986)°

Comments

(a) Shock heating of C;H/O»/Ar mixtures; final product
concentrations from gas chromatography. Numerical
modelling of 17 reaction mechanism, k adjusted to
give best fit to experimental results.

-(b) Discharge-flow system; C;H/O system with and with-
out added H. [C;H,], [C:H:], and [CH,O] by mass
spectrometry. Numerical modelling of 27 reaction
mechanism; reaction plays only a minor role.

(c) Discharge-flow reactor; C;H,/H/O system. Measure-
ment of CH (A?A-X1) and Cx(d*I1,-A’I1,) chemilu-
minescence at 431.4 nm and 516.5 nm and the
quasi-continuous C;H* radiation. Numerical mod-
elling of 37 reaction mechanism. Rate coefficient
given for formation of CH(A?A).

Preferred Values
k = 1.7:107" c¢m® molecule ! s~ over range 300-2500 K

Reliability
Alog k = = 1.0 over range 300-2500 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Comments on Preferred Values

The high value of Homann and Schweinfurth® is
adopted as the recommendation because of its agreement
with the high temperature value of Shaub and Bauer! and
the fact that only the path to excited CH has been consid-

_ered in the work of Grebe and Homann®,
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O+CH.»CH.+CO (1)
>H+CHO (2)

Thermodynamic Data
AH3g4 (1) = —200 kJ mol ™!
AS%s (1) = 31.2 JK~'mol~!
K,(1) = 731105 T~ exp(+23500/T)

AR5 (2) = —80.4 kJ mol ™!
AS55(2) = 6.9 JK™'mol !
K,(2) = 1.17 T** exp(+9600/T)

Rate Coefficient Data (k = ky + k)

k [cm® molecule ! s} T K] Reference Comments
Rate Coefficient Measurements
3.3:10~" exp(—1600/T) 230450 Westenberg and de Haas (1969)* (a)
2.0:10~"* exp(—1500/T) 243-673 Hoyermann, Wagner,
and Wolfrum (1969)° (b)
kok = 042 404 Williamson (1971)* ©)
8.6:10~!! exp(—1860/T) 1200-1700 Peeters and Mahnen (1973)* (d)
ki/k = 0.95 298 Blumenberg, Hoyermann,
kofk < 0.03 and Sievert (1976)° (e)
1.2.10-% 297 Westenberg and de Haas (1977)% )
1.1:10~ exp(—~2000/T) 700-1430 Vandooren and
Van Tiggelen (1977)’ (2)
ku = 2.010-1° exp(~3300/T) 1500-2570 Lohr and Roth (1981)* (h)
ky = 7.2.107%° exp(—6100/T)
310~ exp(—1620/T) 298608 Aleksandrov, Arutyunov,
kok = 0.5 exp(—660/T) and Kozlov (1981)° 0]
271071 exp(—1550/T) 300-1300 Homann and Wellmann (1983)° ()]
koyk = 0.5 1000 Homann and Wellmann (1983)"! G)
kyk = 0.6 287, 535 Peeters, Schaeker,
and Vinckier (1986)"2 ®)
ky = 271071 exp(—4975/T) 1500-2500 Frank, Bhaskaran, and Just (1986)* ()]
k; = 6.6:10~1° exp(—5365/T)
1.1107° T26 exp(—330/T) 290-1510 Mahmud and Fontijn (1987)* (m)
koyk = 0.8 287 Pecters et al. (1987)"* (n)
6.610-1 exp(— 1900/T) 370-876 Russell et al. (1988)' ©)
Reviews and Evaluations
ky = 6.8-1016 T3 exp(—850/T) 300-2500 Warnatz (1984)"7 ™
kz = 7.22107° exp(— 6100/T) 1000-2500
2,910~ exp(—1600/T) 200-450 NASA (1985) @
2910~ exp(—1600/T) 200-700 Tsang and Hampson (1986)*° r)
2,710~ exp(—1550/T) 250-1300 Cvctanovic (1987)" (s)
k, = 3.5102 TS exp(—850/T) 300-2500
ky = 1.510~" exp(~2300/T) 300-600
= 7.010~"° exp(~ 6100/T) 10002500

Comments

(a) Discharge flow with ESR detection. Stoichiometry of
2 oxygen atoms consumed for each reaction with
C;H; determined from combined ESR/mass spec-
trometry experiments.

(b) Discharge flow with detection by ESR and mass spec-
trometry.

(c) Applies to O + C,D.. O generated from Hg photo-
sensitized decomposition of N;O. D yield determined
from HD produced by scavenging with H.. HD mea-
sured relative to Na.

(d) Ethylene flame study using molecular beam sampling
and mass spectrometry to determine molecular flux
gradients.

(e) Mass spectrometric detection from a laval nozzle re-
actor. Ratios based on H, CO, and C;H; signals al-
though CH, and CHCO were also observed.

(f) Flash photolysis, resonance fluorescence. O generated
from photolysis of O,.

(g) Acetylene flame study using molecular beam sam-
pling and mass spectrometry.

(h) Reflected shock wave in N2O/C;Hy/Ar. O and H mon-
itored by atomic resonance absorption spec  netry.

(i) O generated by discharge through N,O, ace - ad-
mitted through movable nozzle. H and O detev..
resonance fluorescence, absolute calibration being
achieved via equilibrium concentrations of H and O
in H; and O; at 1300-1500 K. k determined from de-
cay of O signal, ko/k from the absolute H signal.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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(i) Discharge flow (O/C;Hz/He), nozzle beam sampling
with mass spectrometric detection.

(k) Flow reactor, O generated by discharge through O,
molecular beam sampling with mass spectrometric
detection.

(1) Reflected shock wave study on N,O/C;Hy/Ar. O, H,
and CO detected by resonance absorption spec-
trometry. Channel (2) was essential if the initial
shape of the H profile was to be reproduced.

(m) Flash photolysis, resonance fluorescence. O gener-
ated from photolysis of O, or CO,.

(n) Flow reactor, O and H generated by discharge. ky/k
determined from the dependence of the CH, signal
on [HJ[O], based on secondary generation of CH, via
H + HCCO.

(0) Laser flash photolysis, photoionisation mass spec-
trometry. O generated from photolysis of SO,, C;H;
from photolysis of C;H;Br.

(p) Evaluation, based on the low temperature data sum-
marised by Cvetanovic® and the high temperature
data of Peeters and Mahnen*, Vandooren and Van
Tiggelen’, Léhr and Roth®, and Homann and Well-
mann®. k; based on data of Lohr and Roth® and
Homann and Wellmann'.,

(q) NASA panel evaluation based on low temperature
data over the period 1965-1981.

(r) Accepted the NASA evaluation but extended range.

(s) Low temperature evaluation of data prior to 1986.
Cvetanovic selected a dependence close to that of
Homann and Wellmann'.

Preferred Values
k = 3.610"? T*8 exp(—250/T) cm® molecule ! s~! over
range 300-2500 K
k2 / k = 0.5 over range 300-2500 K
Reliability
Alogk = = 02
Alk2/k) = £ 0.3

Comments on Preferred Values
(i) Overall rate constant

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

The recommended rate coefficient is that proposed
by Mahmud and Fontijn'* from a fit to their own data and
that published earlier. There is generally good agreement
between the data sets although, especially in the interme-
diate temperature range, the discrepancies between dif-
ferent sets of direct measurements are surprisingly large.
We have, accordingly, increased the uncertainty limits be-
yond the = 35% value suggested by Mahmud and
Fontijn.

(ii) Channel efficiencies
While it is difficult to recommend precise channel
efficiencies, there is clear evidence that both channels are
significant.
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O + C;H; — H + CH,CO (1)
SCH:+CO  (2)

Thermodynamic Data
AH3g (1) = —369 kJ mol !
AS395 (1) = —36.1 JK~'mol~?
K,(1) = 7.9-10~5 T8 exp(+44600/T)

AH3y (2) = —500 kJ mol !
AS3es (2) = —0.87 J K~'mol~*
K,(2) = 1.10:10% T~ exp(+59800/T)

Rate Coefficient Data (k = ki + k)

k {em® molecule~! s~} T [K] Reference Comments
Rate Coefficient Measurements
331071 298 Homann and Schweinfurth (1981)" (a)
510-1 = 200 Heinemann et al. (1986) (b)
(see comments)
Reviews and Evaluations
k = 501074 © 300-2000 Warnatz (1984)° (c)
k = 161071 - Tsang and Hampson (1986)* (d)

Comments

(a) Discharge flow — mass spectrometric detection study
of O + CH: with and without added H. k was one
of several rate coefficients determined by fitting a nu-
merical model. The products were assumed to be
H + CH: + CO. '

(b) Low pressure (0.3—4 mbar) measurements in a laval
nozzle reactor using mass-spectrometric detection.
The rate coefficient was measured relative to that for
O + (CH;);C which in turn had been measured rel-
ative to that for O + CHa. A value of 1.2:107* cm?
molecule™! s™! was assumed for k(CH; + O), in
good agreement with the value recommended in this
evaluation (1.4-10~'° cm® molecule ! s™!). Both prod-
ucts of channel (2) were detected and CH,CO was
also found showing that channel (1) also operates. It
was not possible to determine a branching ratio. The
authors commented that it is difficult to determine
the temperature in the laval nozzle reactor, but a
value of = 200 K seems appropriate.

(c) Based on Ref. 1 and a preliminary, private communi-
cation from the authors of Ref. 2.

(d) Estimated by comparison with O + CH.

Preferred Values
k = 5.0:10~" cm® molecule ! s~ over range 300-2000 K

Reliability
Alog k = %= 0.5 over the whole range

Comments on Preferred Values

The value determined by Heinemann etal? is pre-
ferred, because of the more direct nature of their exper-
imental technique; large error limits have been assigned
pending confirmatory measurements.
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O + C:H; - CH.CHO + H (1)
— CHO + CH; (2)
—HCHO + CH: (3)
> CH.CO + H: (4)

Thermodynamic Data
AH3oq (1) = —58.5 kJ mol !
AS3os (1) = 2.3 JK~'mol~?
K,(1) = 0.127 T**5 exp(+7030/T)

AH3g (2) = —112 kJ mol~?
AS35g (2) = 38.5 JK-'mol~!
K;(2) = 4.510° T~ exp( +13100/T)

AH3 (3) = —30.5kJ mol~!
AS395 (3) = 33.9JK " 'mol~!
K,(3) = 6.08:10° T~%%% exp(+3210/T)

AH3g (4) = —353.0 kJ mol !
AS3s5 (4) = —7.73 JK~'mol
K,(4) = 0369 T3 exp(+42280/T)

Rate Coefficient Data (k = ky + k2 + ks + ki)

k[cm?® molecule ~* s~ *] T[K] Reference Comments
Rate Coefficient Measurements
6.7310-1 298 Fonderie et al. (1983) (a)
2.42:10712 552
4.61-10-12 736
8.4310~12 exp(—757/T) 197-372 Browarzik and Stuhl (1984)? (b)
kuk = 027 300 Smalley et al. (1986)° ©)
ki/k = 0.37 769
koky = 1.2 298 Koda er al. (1987)* @
kofky = 6.0
1.3-10~! exp(—830/T) +
11.910~° exp(— 6940/T) 290-1510 Mahmud et al. (1987)° )
1.02-10~* exp(—753/T) +
12.75:10~1° exp(—4220/T) 244-1052 Klemm et al. (1987)% ®
Reviews and Evaluations
541012 exp(— 565/T) 200-500 Herron and Huie (1973)" ®
2.67:10~% T'2 exp(—370/T) 300-2000 Warnatz (1984)* (h)
2210716 T35 exp(—215/T) 230-940 Tsang and Hampson (1986)° @)
1.07-10~* exp(~—800/T) 200-500 Cvetanovic (1987) (1))

Comments

(a) Discharge flow-mass spectrometry with molecular
beam sampling. Decay of C;H, in large excess of O.
Data in table obtained at 2 Torr; no effect of pressure
between 0.5-5 Torr was found at any of the three
temperatures investigated.

(b) Laser photolysis of NO to produce O which was mon-
itored by O + NO chemiluminescence in excess
CH..

(c) Branching ratio for the H + CH,CHO product chan-
nel determined from measured II- and O-atom pro-
files in this flash photolysis-resonance fluorescence
study. Relative detector sensitivities for O and H de-
termined, giving accurate value of ky/k. The branch-
ing ratio increased slightly with temperature, based
on measurements at 300, 515, 608, 677, and 769 K.

(d) Branching ratio determined from measurement of
CHO (CDO) and CH;CHO (CD;CDO) yields using
time-resolved microwave spectroscopy in pulsed Hg-
photosensitised reaction of NoO/C,H, mixtures. Pres-
sure = 30 mTorr.

(e) High temperature flash photolysis of CO, to produce
O(’P); resonance fluorescence detection. Pressure
60-500 Torr.
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(f) Two techniques used: flash photolysis-resonance fluo-
rescence (244-1052 K) and discharge flow-resonance
fluorescence (298-1017 K). NO was used as pho-
tolytic source of O(®P) at T > 600 K to avoid prob-
lems from secondary reactions involving Q..

(g) Recommendation based mainly on results reported by
Davis et al .M.

(h) Based on experimental data up to 1980, including
high temperature data of Peeters and Mahnen®™.

(i) Fit to results of Davis et al.", Westenberg and de-
Haas" for T < 500 K, Atkinson and Pitts®, Singleton
and Cvetanovic', Atkinson and Pitts'’, Nicovich and
Ravishankara'é, and Perry". Uncertainty of 20%.

(j) Considered 33 literature sources up to 1984. Assumed
linear Arrhenius plot up to 500 K.

Preferred Values

k = 5.75:107'® T2% cm3 molecule ™! s~! over range 300~
2000 K

ki/k =035atp =2 3Torrand T = 300 K

k2/k = 0.60
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Reliability
Alogk = + 0.1 for T < 1000 K increasing to * 0.3 at
2000 K
Akk = = 0.05
Akofk = = 0.10
AkyJk = = 0.10

Commenits on Preferred Values

There is a large amount of data on this reaction which
has been reviewed regularly. Only those recent data not
presented by Cvetanovic' are listed here. The recent di-
rect studies at higher temperatures™>'%!” show clear non-
Arrhenius behaviour at temperatures > 500 K. The
recent study of Browarzik and Stuhl’ extends the temper-
ature range down to 197 K. All the data are in excellent
agreement, within the stated experimental uncertainty.
Both recent studies at temperatures > 1000 K suggest a
biexponential representation of the overall k. The ex-
pression given by Klemm et al.® does not include the
higher temperature data of Mahmud et al 5, but neverthe-
less gives a good fit to all the data over the range 250-
1500 K. The preferred expression is derived by
performing a 3 parameter A T" exp(E/RT) fit to the
curve generated from the expression of Klemm et al .over
the range 250-1500 K. The exponential term was negligi-
ble, the curve being accurately described by an AT" ex-
pression. The results from Ref. 1 show that k is
independent of pressure at T > 300 K.

The recent determination of the branching ratio, ki/k,
confirms that H atom elimination is a major pathway in
this reaction. Koda et al .* have rationalised these results,
as well as their observed isotope effect, with a model in-
volving unimolecular dissociation on a triplet biradical
surface (channel 1) and a competitive triplet-to-singlet
crossing. The small temperature effect may reflect an in-
crease in rate of fragmentation of the initial adduct with

increasing energy of the reactants, which is also consis-
tent with the results of Buss et al.’ who found ki/k = =
1.0 at high kinetic energies of reactants in molecular
beam experiments. The recommended values of the
branching ratios are based on these studies. Earlier at-
tempts to determine the branching ratios by mass spec-
trometry appear to have given an erronous picture.
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O + c:Hs d CﬂacHo +H (1)
— HCHO + CHs @)

Thermodynamic Data
AH3os (1) = —314 kJ mol ™!
AS20s (1) = —342JK 'mol-!
K,(1) = 1.30:10~* T%™° exp(+37900/T)

AH3s (2) = —337 kJ mol~*
AS3os (2) = —0.07 JK~'mol~!
K,(2) = 64.8 T=95% exp(+40200/T)

Rate Coefficient Data (k = k; + k)

k[cm® molecule~! s~1] T[K] Reference Comments
Rate Coefficient Measurements
kiky = 5 =1 300 Hoyermann and Sievert (1979)! (a)
9.510-1 720-785 Peeters and Caymax (*)? (b)
Reviews and Evaluations
83101 700-2000 Warnatz (1984)° ©
1.6-10~1° 300-2500 Tsang and Hampson (1986)* )
Comments Reliability

(a) Low pressure flow system with nozzle reactor and
mass spectrometric analysis. Products CH;CHO and
HCHO taken as confirmation for channels (1) and
(2). Absence of OH and C;H, products indicates that
channel O + C;Hs —» OH + C:H. does not occur in
this system.

(b) Discharge-flow technique with molecular beam sam-
pling for mass spectrometry. O atoms (microwave
discharge) reacted with C,H, at total pressures of 2
Torr. k derived from measurements of [O] (titration)
and [C;H;s] (mass spectrometry) at the approach to
the stationary state of [C,H;].

(c) Estimated value.

(d) Assumed value taken to be equal to k(O + CH;).

Preferred Values

k = 1-107" cm® molecule~! s~! over range 300-2500 K
ko/k = 0.17 at 300 K

Alog k = * 0.3 over range 300-1000 K
= 0.5 over range 1000-2500 K
AkoJk = + 0.03 at 300 K

Comments on Preferred Values
The recent measurement of this rate coefficient by

- Peeters and Caymax® are direct and should be free from

major complications. We have recommended a rounded-
off rate coefficient from this study, but this requires con-
firmation along with studies over a wider range of
temperatures. The recommended branching ratio, ky/k, is
calculated from the experimental ratio ki/k; = 5 as deter-
mined by Hoyermann and Sievert'. Here again confirma-
tion plus a temperature dependence are both needed.
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O+ 02Hs — OH + Csz

Thermodynamic Data
AH3g = —9.1 kJ mol~!
AS30s = 453 JK " 'mol~!
K, = 52910 T~%™8 exp(+744/T)

Rate Coefficient Data

k [cm® molecule~? s71] Temperature [K] Reference Comments
Rate Coefficient Measurements
1.39:1071° exp(—3770 /T) 853-933 Azatayan, Nalbandyan,
' and Meng-yuan (1962)" (a)
3.0-10!* exp(—2650/T) 320-589 Westenberg and DeHaas (1967)? (b)
3.0-10~ " exp(—2650/T) 272-615 Westenberg and DeHaas (1969)* (©)
1.38-107° exp(— 3620/T) 336-595 Herron and Huie (1969)* (d)
4.6:10- 1! exp(—3270/T) 303-364 Papadopoulos, Ashmore,
and Tyler (1969)° (e)
3.2-107'° exp(—4806 /T) 600-1030 Caymax and Peeters (1983)° (3]
Reviews and Evaluations
4.2.10~ ! exp(~3200/T) 298-650 Herron and Huie (1973)7 ®
5010~ T2 exp(—2575/T) 300-1500 Warnatz (1984)*
1.5510-2 T22 exp(—2890/T) - Cohen (1986)° (h)
2.0:10712 T8 exp(—3680/T) 500-1000 Tsang and Hampson (1986)° (0]
Comments Reliability
Alog k = = 0.15 between 500 K and 1200 K rising to
(a) Effect of C;Hs on lower explosion limit of CO + O; 0.3 at 300K

mixtures.

(b) Discharge flow with ESR detection of O atoms.

(c) Reinvestigation using same technique; report same
parameters. In both studies stoichiometry measured
only at 500 K and assumed temperature indepen-
dent.

(d) Discharge flow with mass spectrometric detection of
reagents. Secondary reactions avoided by large [O)
[CoHsD] ratios.

(e) Flow discharge, [O] by NO titration. Detailed deter-
mination of stoichiometry at 310 K.

(f) Discharge flow, molecular beam sampling and mass
spectrometric analysis.

(g) Details of early studies given.

(h) T range not given, but < 1000 K.

(i) Recommend Cohen’s" expression determined from
transition state theory.

k = 166107 T exp(—2920/T) cm® molecule™* s™!
over range 300-1200 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Comments on Preferred Values

The rate constants are only reasonably reliable be-
tween 500 and 1000 K. Cohen® suggests that all the exper-
imental values below 500 K are too high by factors rising
up to 4 at 300 K due to incorrect stoichiometry used in
the determination of k. The preferred value is based on
Cohens® analysis of the low temperature data.
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O+ CHCO—-2CO +H

Thermodynamic Data
AH30s = —429.8 kJ mol~?
AS%s = 94.6 J K~'mol~!
K, = 2.3810° T~24% exp(+51460/T)

Rate Coefficient Data

k [cm® molecule™* s™!] Temperature [K] Reference Comments
Rate Coefficient Measurements
2010°12 298 Jones and Bayes (1973)’ (a)
3.2:1071° exp(-300/T) 285-535 Vinckier et al. (1985)? (b)
1.610-1° 1500-1700 Frank ef al. (1986)° ©
Comments Reliability

(a) Discharge flow study with O atoms generated from
N + NO. CHCO produced as an intermediate from
O + GH, with [CHCO] and [O] measured by photo-
ionisation mass spectroscopy. k measured from
steady state value of [CHCOY] at relatively long reac-
tion times with simplifying assumptions concerning
the mechanism.

(b) Flow study with O atoms generated by O, discharge,
and measured by standard titration technique. Radi-
cal concentrations measured by molecular beam mass
spectrometry. Conditions selected so that CHCO is
effectively removed only by reaction with O atoms.
Value of k at 535 K determined from best fit to
[CHCO] profile at 535 K. Activation energy deter-
mined from measurements of [CHCO].

(c) Shock tube study, with simultaneous measurement of
[H], [O], and [CO] by atomic and molecular absorp-
tion spectrometry. O + CHCO important in later
stages of O + CH; system. k& determined from [O]
profile under optimised stoichiometry.

Preferred Values

k = 1.6:107° cm’ molecule ™! s™* over range 300-2500 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Alog k = = 0.3 over range 300-2500 K

Comments on Preferred Values

This reaction is very important in the oxidation of
acetylene at combustion temperatures®, but very little ki-
netic information is available. No other channels have
been suggested, and alternatives are unlikely below about
2000 K. The two low temperature values of k differ by a
factor of about 60 at 300 K. The Jones and Bayes value
appears very low for a strongly exothermic atom + radi-
cal reaction. Further, as the activation energy will be ef-
fectively zero, the shock tube value obtained by Frank
etal ? is in excellent agreement with a value of 1.6-10°%°
at 410 K obtained from the expression given by Vinckier
et al for the range 285-535 K.
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O + CH.CO — CH:0 + CO )
—-CHO +H+CO (2)
—~CHO + CHO  (3)

Thermodynamic Data
AH3s (1) = —424 kJ mol™?
AS3s (1) = 13.4 JK~'mol !
K,(1) = 2.010* T* exp(+50600/T)

AH305 (3) = —110 kJ mol 1
AS%: (3) = 46.3 JK " !mol~!?
K,(3) = 6.6610° T-15 exp(+12900/T)

AH3 (2) = —46.4 kJ mol~!
AS3s (2) = 134 JK™'mol ™!
K,(2) = 2.39-10° T**™ exp(+5260/T) atm

Rate Coefficient Data (k = k; + k2 + kj)

k[cm? molecule—! 5~1] T[K] Reference Comments
Rate Coefficient Measurements
8.810~13 298 Carr, Glass, and Niki (1968)! (a)
5.67-10-13 203 Mack and Thrush (1974)2 (b)
2.92:107'2 exp(—680/T) 230-449 Washida ef al. (1983)° ()
Reviews and Evaluations
331071 exp(-1155/T) 300 Warnatz (1984)*

Comments

(a) Discharge flow system. O atoms produced by reaction
N + NO — O + N, CH;CO in excess. Analysis by
mass spectrometry. CO,, CO, H;O, H,, H and H,CO
observed in the products. Experiments using O mix-
tures of CH,CO and CD,CO suggest channels (2) and
(3) not of major importance.

(b) Discharge flow system, O atoms produced by reaction
N + NO — O + N..[O] followed by e.s.r.and chemi-
luminescence, product analysis by gas chromatogra-
phy. Results suggested channels (1) and (2) not of
major importance. :

(c) Two experimental methods used.

(i) Pulsc radiolysis; O produced by CO; decomposi-
tion in Ar bath gas. [O] monitored by resonance ab-
sorption.

(ii) Discharge flow system. O atoms generated by mi-
crowave discharge in O,/He mixture. Product analysis
by photoionization mass spectrometry. CH.O ob-
served in products indicating that channel (1) is of
importance.

Preferred Values

k = 381072 exp(—680/T) cm® molecule™! s™! over
range 230-500 K

Reliability
Alog k = = 0.3 over range 230-500 K

Comments on Preferred Values

The recommended expression is for the overall rate
constant; no measurements for the individual channels
have yet been made. The expression is based upon the
results of Washida er al.? and Mack and Thrush?, the two
most recent studies the results of which agree to within a
factor of 2 at room temperature. The subsequent error
limits reflect the scarcity of experimental data.

Carr et al.! concluded that the probable initial step is
formation of CH,CO3, which may rapidly decompose. Re-
sults from the isotope study' and product analysis® by gas
chromatography indicate that channels (2) and (3) may
be dominant but more recently’ CH,O has been observed
as a major product suggesting that reaction (1) is also of
importance. No tecommendations are made for the
branching ratios.
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O + CH.CO — CH.0 + CO
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O + CH,;CHO — OH + CH,CO 1)
— OH + CH.CHO (2)
Thermodynamic Data
AH3s (1) = —67.5 kJ mol = AH3es (2) = —19.8 kJ mol~*
AS30s (1) = 25.6 JK~'mol~! AS3 (2) = 26.6 J K~'mol~?
K,(1) = 2.18:10° T exp( +7780/T) K,(2) = 9.610° T~°%5 exp(2050/ T)
Rate Coefficient Data (k = k; + k)
k [cm® molecule ™! s7!] T[K] Reference Comments
Rate Coefficient Measurements
4.810"1 300 Mack and Thrush (1974)* (a)
17101 exp(—2010/T) 1550-1850 Beeley ez al. (1977) (®)
4910~ 208 Michael and Lee (1977)° ©
1.2:107* exp(—990/T) 298-472 Singleton ez al. (1977)* ()]
Reviews and Evaluations
8.3-10 2exp(—900/T") 300-2000 Warnatz (1984)°

Comments

(a) Discharge flow system. Oxygen atoms monitored by
EPR and air afterglow.

(b) Ignition of CH:CHO/O-/Ar mixtures behind incident
shock waves. Stable and transient species monitored
by UV and IR emission. k determined from mod-
elling the system.

(c) Discharge flow system. Oxygen atoms monitored by
resonance fluorescence.

(d) Modulated photolysis of NO/CH;CHO. Oxygen
atoms monitored by air afterglow.

Preferred Values

k = 971072 exp(—910/T) cm® molecule™! s™! over
range 298-1500 K

Reliability
Alog k = = 0.5 at 1500 K reducing to + 0.05 at 298 K

Comments on Preferred Values
Preferred values are based on the low temperature
data of Mack and Thrush', Michael and Lee?, and Single-

ton et al *. Temperature dependence based on the data of
Singleton et al.’. Although the data of Beeley etal.?
agrees with the extrapolation based on a simple Arrhe-
nius expression, the determination was indirect and sub-
ject to uncertainty. No information is available on the
branching ratio. If it is assumed that k; = 1/2 ko + CHs
then the second channel only becomes significant (ko/k >
0.1) at T > 700 K. However the extrapolated value is a
factor of 2 higher than the overall rate given by Beeley
et al 2. The contribution of the second channel is negligi-
ble at T < 500 K, where the only reliable studies were
conducted.
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O + C,H;O00H — OH + C:Hs00 (1)
— OH + C:HOOH (2)

Thermodynamic Data
AH3% (1) = —60.15 kJ mol™*

Comment

There are no experimental data for the reaction of
O(CP) with C;HsOOH. As for CH;OOH the rate expres-

AH3s% (2) = —20.7 kJ mol™!

sion k = 6.85:10™" T° exp(—1390/T) cm® molecule ™
s~ ! with channel (2) dominant, is recommended by anal-
ogy with H abstraction from HCHO and H:O..

0 + CGHs—> OH + CsHs (1)
O + C¢Hs (+ M) —» CeHsOH (+ M) (2)

Thermodynamic Data
AH35 (1) = 353 kJ mol™!
AS3es (1) = 41.7 YK~ 'mol~!
K,(1) = 9.8:10° T-088 exp(—4701/T)

AH3s (2) = —428.5 kJ mol ™!
AS%s (2) = —1154 JK " 'mol ™!
K,(2) = 4310-% T-920 exp(+51411/T) atm~!

Rate Coefficlent Data (k = k; + k2)

k[cm?® molecule~! s~1] T[ K] Reference Comments

Rate Cocfficicnt Mcasurcments
6.0-10~* 298 Mani and Sauer (1968)" (a)
2.51071° exp(—2768/T) 883-963 Mkryan et al. (1971)2 )
Ky = 5310710 exp(—3019/T) 1300-1700 Fujii and Asaba (1972)° ©)
k: = 6.310Vexp(~2214/T) 255-305 Bonnano er al. (1972)4 (d)
241071 300 Atkinson and Pitts (1974)° (e)
1.8-10~1 exp(—2214/T) 298-462 Colussi et al. (1975)° ®
1.810™ Mexp(—2003/T) 299-392 Atkinson and Pitts (1975)’ ®)
1.7-10~ Hexp(—2010/T) 299-440 Atkinson and Pitts (1979)% (h)
4.610~ exp(—2470/T) 298-867 Nicovich ez al. (1982)° @)
ky = 53107 exp(~3020/T) 1600-2300 Hsu et al. (1984)" )

Reviews and Evaluations
2.5-10~" exp(—2130/T) 298-600 Cvetanovic (1987)* (k)

Comments

(a) Pulsed radiolysis with product analysis by gas chro-
matography. O atoms originate from radiolysis of
CO; and NO; at high pressures. Rate coefficient
from absorption profiles of transient species.

(b) Evaluation of an overall rate coetficient tfrom a tlow
reactor study.

(c) Single pulse shock tube with gas chromatographic
analysis of stable products and absorption/emission
measurements during the progress of the reaction
were used to investigate the kinetic behaviour of ben-
zene/argon mixtures containing small amounts of
oxygen.

(d) Flow system study. The decrease of O atoms was
monitored by ESR detection and changes in benzene
concentration were followed by mass spectrometry. 1t
was found that O atoms removal is much faster than
benzene decrease. Therefore it was assumed that the
O atoms react with radicals produced in the initiation
reaction. The rate coefficient for channel (2) was

evaluated from the mass - spectrometric measure-
ments. ‘

(e) Same method as in comment (a).

(f) Phase shift-O + NO chemiluminescence. O atoms
are generated during Hg photosensitized decomposi-
tion of NO,.

(g) Same method as in comment (f).

(h) Flash photolysis-resonance fluorescence. O atoms

~are generated by VUV photolysis of O, and NO.

(i) Flash photolysis-rcsonance fluorcscence. O atoms arc
generated by VUV photolysis of O,.

(j) The oxidation of benzene under fuel lean conditions
was studied behind reflected shock waves using a sta-
bilized cw CO laser to monitor CO production. The
formed CO was modelled by a 25 step reaction mech-
anism. A rate coefficient for channel (1) was deter-
mined.

(k) Critical evaluation and compilation of chemical ki-
netic data of O(°P) atoms with unsaturated hydrocar-
bons.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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Preferred Values

k = 1.2-1072 T*® exp (— 570/T) cm® molecule ™! s ™! over
range 300-1000 K

Reliability
Alog k = = 0.5 over range 300-1000 K

Comments on Preferred Values

There exists a large variety of studies on benzene pyrol-
ysis in the lower temperature range up to = 900 K. The
shock tube data for the higher temperature range are
evaluated from reaction systems with reduced sensitivity.
From the present data a clear separation between addi-
tion and abstract channel is not possible, and therefore
only a rate expression for the overall reaction is recom-
mended.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

References

!1. Mani and M. C. Sauer, Jr., Advanc. Chem. Ser. 82, 142 (1968).

2T. G. Mkryan, K. T. Oganesyan, and A. B. Nalbandyan, Arm. Khim.
Zh. 24, 299 (1971).

3N. Fujii and T. Asaba, 14th Symp. (Int.) Combust., 433 (1972).

“R. A. Bonnano, P. Kim, J. H. Lee, and R. B. Timmons, J. Chem. Phys.
57, 1377 (1972).

SR. Atkinson and J. N. Pitts, Jr., J. Phys. Chem. 78, 1780 (1974).

SA. J. Colussi, D. L. Singleton, R. S. Irwin, and R. J. Cvetanovic, J. Phys.
Chem. 79, 1900 (1975).

R. Atkinson and J. N. Pitts, Jr., J. Phys. Chem. 79, 295 (1975).

8R. Atkinson and J. N. Pitts, Jr., Chem. Phys. Lett. 63, 485 (1979).

%]. M. Nicovich, C. A. Gump, and A. R. Ravishankara, J. Phys. Chem.
86, 1684 (1982).

1D, S. Y. Hsu, C. Y. Lin, and M. C. Lin, 20th Symp. (Int.) Combust.,
623 (1984).

1R, J. Cvetanovic, J. Phys. Chem. Ref. Data 16, 261 (1987).



-9.5

-10.0

-10.5

-11.0

-11.5

Log(k/cm °molecule™'s ™)
|
®
o

-12.5

-13.0

-13.5

-14.0

EVALUATED KINETIC DATA FOR COMBUSTION MODELLING

O + C¢Hs — OH + C¢Hs
O + Ce¢Hs (+ M) — CsHsOH (+ M)

T/K

2000 1000 500 400 300

477

T l T T

EXPERIMENTAL DATA
Mam and Souer 1968

O
 — Mkyron et al 1971

—_—— Fujil ond Ascbo (k1) 1972

A Bonnano et ol (k2) 1972

Q Atkinson ond Pitts 1974

[ d Colussi et al 1975

] Atkinson and Pitts 1975

A Nicovich et af 1982
——————— Hsu et of (k1) 1984

+ Atkinson and Pitts 1979

This R dation 1989 \g
+

0.5 1.0 1.5 2.0 2.5 3.0 3.5
31y 1
10°T /K

40

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992



478 BAULCH ET AL.

O + CeHsCH: — HCO + CeHs (1)
— CH.0 + C¢Hs (2)
— H + CHsCHO (3)

Thermodynamic Data
AH3gs (1) = —322.8 kI mol™?
AS%s (1) = 16.7 YK 'mol !
K,(1) = 3.510° T-128 exp(+38474/T)

AH3es (2) = —236.7 kJ mol ™!
AS%0s (2) = 29.9 JK " 'mol ™!
K,(2) = 8.0-10° T—'% exp(+27932/T)

Rate Coefficient Data (k = ki + k2 + ks)

k[cm*molecule~s~1] TK} Reference Comments
Rate Coefficient Measurements
ky = 171107 1700-2800 McLain et al. (1979)! (a)
k + ks = 5510°1° 298 Bartels et al. (1988)? : ®)
Comments Reliability

(a) Investigation of benzene and toluene/oxygen/argon
mixtures behind incident shock waves by monitoring
UV and IR emission of CO, CO,, and the product
[OFCO]. Rate constant for channel (2) estimated
from reaction model.

(b) Reactions of benzyl with H, O, and O, were studied
at low pressures (around 1 mbar) in a multiple dis-
charge flow reactor by molecular beam sampling
technique and mass spectrometric detection. The rel-
ative rate constants for channel (1) and (3) were de-
termined with Ref. to the reaction of methyl radicals
with oxygen atoms.

Preferred Values

ki + ks = 5.5107" cm® molecule~! s™! at room temper-

Alog(ky + k3 )= = 03

Comments on Preferred Values

The high temperature data have been obtained by an
indirect method and do not allow a recommendation.
The room temperature value has been measured under
isolated conditions, which show that the two reaction
pathways (1) and (3) are equally probable.
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ature
O + C¢HsCH; — products
Rate Coefficient Data
k[cm® molecule~* s~1} TIK] Reference Comments
Rate Coefficient Measurements
2.4-10~ Yexp(—1640/T) 393495 Jones and Cvetanovic (1961)! (a)
8.9.10~1 : 303 Grovenstein and Mosher (1970)? (b)
2310713 298 Mani and Sauer (1968)* (©)
7.510~14 300 Atkinson and Pitts (1974)* )
3.810Yexp(—1942/T) - 298462 Colussi et al. (1975)° (e)
1.410~Yexp(—1560/T) 299-392 Atkinson and Pitts (1975)¢ )
8.3-10~ YZexp(—1359/T) 373-648 Furuyama and Ebara (1975)’ (2)
1.6-10~ Yexp(—1535/T) 299-440 Atkinson and Pitts (1979)% (h)
1.7-10~ Yexp( - 3625/T) 1700-2800 McLain et al. (1979)° (i)
4.3:10" Yexp(—1910/T) 298-932 Nicovich et al. (1982)"° 1))
Reviews and Evaluations
2710~ Vexp( ~ 1720/T) 298-932 Cvetanovic (1987)" ®)
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Comments

(a) O atoms from Hg photosensitized decomposition of
N-O. Ratio derived from relative k data in competing
experiments. Reference reaction was O + cyclopen-
tene — products. Evaluated by Cvetanovic!,

(b) Same method as in (a). Reference reaction was O +
benzene — products. Evaluated by Cvetanovic'.

(c) O atoms from pulse radiolysis of CO: and N,O at high
pressures. Rate coefficient from absorption spectra
of transient species.

(d) Phase shift-O + NO chemiluminescence. O atoms
from Hg photosensitized decomposition of N,O.

(e) Same method as in (d).

(f) Same method as in (d).

(g) Microwave discharge—fast flow reactor. O atoms from
N + NO.

(h) Flash photolysis-resonance fluorescence. O atoms
from VUYV photolysis of O; and NO.

(i) Incident shock wave investigation of the oxidation
mechanism of CsHs/O/Ar and CéHsCH3/ O2/Ar mix-
tures by monitoring UV and IR emission of CO, CO,,
and the product [OJ[CO] . Arrhenius expression for
the product channel CsHsCH; + OH estimated by
comparison with data for benzene.

(j) Flash photolysis—resonance fluorescence. O atoms
from VUV photolysis of Os. _

(k) Critical evaluation and compilation of chemical ki-
netic data of O(*P) atoms with unsaturated hydrocar-
bons.

Preferred Values

k = 531075 T' exp(— 1260/T) cm® molecule ! s~! over
range 298-2800 K

479

Reliability
Alogk = + 0.4 at 2800 K reducing to =0.1 at 300 K

Comments on Preferred Values

The results of 8 studies concerning the determination
of the rate coefficient for total O consumption by toluene
are in excellent agreement for the range from room tem-
perature up to about 1000 K. The temperature depen-
dence of the rate coefficient at higher temperatures is
difficult to define because the only available rate expres-
sion has not been measured directly, but has been esti-
mated from modelling a relatively complex reaction
system. It has been assumed that at higher temperatures
the reaction proceeds predominantly by direct abstrac-
tion of a H atom. The reliability at 2800 K has been esti-
mated by comparing the shock tube values with the values
obtained by linear extrapolation of the k values in the T-
range 300-1000 K.
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°A. G. McLain, C. J. Jachimowski, and C. H. Wilson, NASA TP-1472
(1979).

19J. M. Nicovich, C. A. Gump, and A. R. Ravishankara, J. Phys. Chem.
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O + p-C¢H.:(CHs). — products

Rate Coefficient Data

k{cm? molecule~! s~1] T[K] Reference Comments
Rate Coefficient Measurements

7.510-1 298 Mani and Sauer (1968)' (a)

1.810°% 300 Atkinson and Pitts, Jr. (1974)? (b)

1.3-10 “exp(—1280/T) 299-392 Atkinson and Pitts, Jr. (1975) (c)

3.9-10~ Mexp(—1540/T) 298-600 Nicovich er al. (1982)* (d)
Reviews and Evaluations

2.010°13 298 Cvetanovic (1987)° (e)

2.6:10~ exp( — 1409/T) 298-600

Comments Reliability
Alogk = = 03

(a) O from pulse radiolysis of CO, or N2O. k from absorp-
tion spectra of transients (not positively identified). p
~ 60 bar.

(b) Phase shift-O + NO chemiluminescence. O-atoms
from Hg-photosensitized decomposition of N;O. p =
72 mbar.

(c) Same method as in (b).

(d) Flash photolysis-resonance fluorescence. O-atoms
from VUV photolysis of O,. Density range 2:10'°-2-10"
cm™>,

(e) Critical evaluation and compilation of chemical ki-
netic data of O(’P) atoms with unsaturated hydrocar-
bons.

Preferred Values

k = 2.610""exp(—1409/T) cm® molecule™ s~! over
range 298-600 K

Comments on Preferred Values
The preferred valuc is bascd on the evaluation of Cve-
tanovic’,

References

'I. Mani and M. C. Sauer, Jr., Advanc. Chem. Ser. No. 82, 142 (1968).

?R. Atkinson and J. N. Pitts, Jr., J. Phys. Chem. 78, 1780 (1974).

*R. Atkinson and J. N. Pitts, Jr., J. Phys. Chem. 79, 295 (1975).

*J. M. Nicovich, C. A. Gump, and A. R. Ravishankara, J. Phys. Chem.
86, 1690 (1982).

*R. J. Cvetanovic, J. Phys. Chem. Ref. Data 16, 261 (1987).
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O + C¢HsC:H; — products
Rate Coefficient Data
k[cm® molecule~! s~] TIK] Reference Comments
Rate Coefficient Measurements
5310713 298 Mani and Sauer (1968)* (a)
101078 ‘ 303 Grovenstein and Mosher (1970)? (b)
Reviews and Evaluations
1.010-% 298 Cvetanovic (1987)* )
Comments Reliability

(a) O from pulse radiolysis of CO; or N;O. k from absorp-

tion spectra of transients (not positively identified). p
= 53 bar.

(b) Ratio derived from relative k data in competing ex-
periments. Reference reaction was O + benzene —
products. p = 1 bar. Evaluated by Cvetanovic’,

(c) Critical evaluation and compilation of chemical ki-
netic data of O(’P) atoms with hydrocarbons.

Preferred Values

k = 1.0-107" cm® molecule™! s~! at 298 K and 1 bar

Alogk = = 0.3

Comments on Preferred Values

The preferred value is based on the evaluation of Cve-
tanovic®.

References

'I. Mani and M. C. Sauer, Jr., Advanc. Chem. Ser. 82, 142 (1968).

2E. Grovenstein, Jr., and A. J. Mosher, J. Am. Chem. Soc. 92, 3810
(1970). .

3R. J. Cvctanovic, J. Phys. Chcm. Ref. Data 16, 261 (1987).

02 + CH4 - H02 + CH3

Thermodynamic Data
A3y = 231.0 kJ mol—?
AS5%s = 31.9 J K~ 'mol~!
K, = 39.6 T~%1% exp(—27930/T)

Rate Coefficicnt Data

k [cm® molecule~! s~1] Temperature [K] Reference Comments
Rate Coefficient Measurements
No experimental measurements have been made.
Reviews and Evaluations
0.6:10-"" cap{ —28636/T) 5602000 Walker (1974)* (a)
Comments Reliability
Alog k = = 0.5 between 500 and 1000 K, rising to

(a) Based on experimental value? for HCHO + O, —
HO; + HCO, which is effectively 3.3-107"
exp(—AH /R T) cm® molecule ™! ™. Assuming equal
A factors per C—H bond k = 6.6:10~" exp(— AH/
RT) cm® molecule™ 5%,

Preferred Values

k = 6.6107" exp(—28630/T) cm® molecule™! s~! over
range 500-2000 K

b=~
+ 1.0 at 2000 K

Comments on Preferred Values
See comment (a) above.

References

IR. W. Walker, in “Reaction Kinetics”, Specialist Periodical Reports,
Chemical Society, London, Vol. 1, 161 (1974).

’R. R. Baldwin, A. R. Fuller, D. Longthorn, and R. W. Walker, J.
Chem. Soc., Faraday Trans. 1, 70, 1257 (1974).
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0: + C:Hg —» HO, + C:Hs

Thermodynamic Data
AH3ps = 211.5 kJ mol !
AS3s = 46.6 J K™ 'mol~!
K, = 6.39-10° T~0%S exp(—25630/T)

Rate Coefficient Data

k [cm® molecule~! s~*] Temperature [K] Reference Comments
Rate Coefficient Measurements

No experimental measurements have been made.
Reviews and Evaluations

6.710~ 1! exp(—25620/T) 500-2000 Walker (1974)! (a)

Comments

(a) Bascd on cxperimental value? for IICIIO + O; —
HO; + CHO, which is effectively
3.3107" exp(—AH/R T) cm® molecule™! s~

Preferred Values

k = 1.0-107" exp(—26100/T) cm® molecule™ s~ over
range 500-2000 K

Reliability
Alog k = =x 0.5 between 500 and 1000 K rising to
= 1.0 at 2000 K

Comments on Preferred Values

The value given in the Walker review has been modi-
ficd slightly to allow for the higher heat of formation of
the C,H;s radical now recommended® and for an assumed
equal 4 factor per C—H bond in HCHO + O; and C;Hg
+ O, -

References

'R. W. Walker, in “Reaction Kinetics”, Specialist Periodical Reports,
Chemical Society, London, Vol. 1, 161 (1974).

2R. R. Baldwin, A. R. Fuller, D. Longthorn, and R. W. Walker, J.
Chem. Soc., Faraday Trans. 1, 70, 1257 (1974).

3R. R. Baldwin, G. R. Drewery, and R. W. Walker, J. Chem. Soc. Fara-
day Trans. I, 80, 2827 (1984).

O; + HCHO — HO; + CHO

Thermodynamic Data
AH39 = 170 kJ mol ™!
AS39s = 29.9 JK!mol ™!
K, = 0.083 T~ exp(—20600/T)

Rate Coefficient Data

k[cm® molecule™! s~*] TIK] Reference Comments
Rate Coefficient Measurements
3.410~ Yexp(— 19580/T)) 713-813 Baldwin ef al. (1974)! ()
7.510~ Yexp(—20630/T) 878-952 Vardanyan ef al. (1975)% (b)
Reviews and Evaluations ‘
6.710~ Mexp( — 20100/T) 650-900 Walker (1975)° ©
3.4-10 Yexp(—19600/T) 300-2000 Tsang and Hampson (1986)* (d)

Comments

(a) Oxidation of HCHO in KCl coated vessels under con-
ditions where the chain length is near unity.

(b) Thermal oxidation of HCHO; expression for k cited
from earlier work published in Armenian Chemical
JournaP’.

(c) Based on Ref. 1; recommended Arrhenius parameters
for general reaction RH + O, - R + HO:are E =

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

AH° and A = 6.7°10~" cm® molecule ™! s™!. Accuracy
estimated to be * a factor of 2-4 in the temperature
range 650-900 K.

(d) Accepts the value in Ref. 1.

Preferred Values

k = 1.0-107'° exp(—20460/T) cm*® molecule™' s~ over
range 700-1000 K
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Reliability
Alog k = =+ 0.5 over range 700-1000 K

Comments on Preferred Values

The results of Baldwin ef al.' appear rcliable and are
confirmed by the rate parameters cited from the Russian
work. The preferred value is obtained using the approach
of Walker®, using the currently accepted AH® and the A4
factor adjusted to fit the value of k = 3.4-10°% cm®
molecule ™! s™! at 773 K from Ref. 2.
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References

IR. R. Baldwin, A. R. Fuller, D. Longthorn, and R. W. Walker, J.
Chem. Soc. Faraday Traus. 1, 70, 1257 (1974).

2[. A. Vardanyan, G. A. Sachyan, and A. B. Nalbandyan, Int. J. Chem.
Kin. 7, 23 (1975).

3R. W. Walker, in “Reaction Kinetics”, ed. P. G. Ashmore (Spec. Per.
Reports), The Chemical Society, London, 1, 161 (1975).

‘W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1986).

L. A. Vardanyan, G. A. Sachyan, and A. B. Nalbandyan, Arm. Chim.
1. 25, 281 (1972).

0. + CH;CHO — HO. + CHs;CO

Thermodynamic Data
AHBgs = 153 kJ mol ™!
AS3s = 26.8 J K~ 'mol~!
K, = 2.63 T~ exp(— 18600/T)

Rate Coefficient Data

k[cm® molecule ™! s™1] TIK] Reference Comments
Rate Coefficient Measurements

3.32:10~ Mexp(—21240/T) 700-1100 Colket et al. (1977)! (a)
Reviews and Evaluations

6.7-10~Yexp(—20100/T) 650-900 Walker (1975)? (b)

Comments

(a) Flow reactor study of high temperature oxidation of
CHsCHO (1030-1115 K). k based on an assumed
value of 3.3:107" cm® molecule ! s* for the reaction
CH: + HO, — CH:O + OH and analysis of a com-
plex mechanism. Arrhenius parameters determined
using value of k(C;HsCHO + O;) = 1.27-107% cm’
molecule™! 57! at 713 K (erroneously quoted from
Baldwin et al *) together with experimental results on
CH:;CHO + O..

(b) Recommended expression using E = AH® = 167 kJ
mol™! and 4 = 6.7-10~"! c¢m® molecule ! s}, based
on work of Baldwin et al.’.

Preferred Values

k = 5.010™" exp(—19700/T) cm® molecule™! s~! over
range 600-1100 K

Reliability
Alog k = * 0.5 at 600 K rising to = 1.0 at 1100 K

Comments on Preferred Values
The only reported experimental values of k are ob-
tained from analysis of a complex mechanism and are

therefore subject to considerable uncertainty. The Arrhe-
nius expression reported by Colket et al.is apparently
based on an erroneously quoted value of k(C:HsCHO +
O;) from the work of Baldwin et al. The value employed
was 0.760 1 mol s~ at 713 K instead of 0.076 1 mol s~! at
753 K obtained in the study of Baldwin et al. Using the
latter the following Arrhenius parameters are obtained:
A = 6.2:107% cm® molecule™! s™! and E/R = 25450 K.
The activation energy thus obtained is significantly
greater than the reaction enthalpy AH/R = 19700 K and
the A4 factor unreasonably large. Clearly the experimental
data in the two temperature regions are incompatible.
For this evaluation we prefer the approach of Walker and
the recommended value is based on the best current
AH3g value (=163.8 kJ mol ™! using AH?(CH;CO) = 11.0
kJ mol™! and AH?(HO>) = 14.6 kJ mol™)). and 4 =
5.0-10™" cm® molecule™’s™".

References

'M.B.Colket, D.W.Naegeli, and I.Glassman, 16th Symp.(Int.) Com-
bust., 1023 (1976).

2R.W.Walker, in “Gas Kinetics”, ed. P.G.Ashmore, (Specialist Periodic
Reports), The Chemical Society, London (1975).

3R.R.Baldwin, D.H.Langford, and R.W.Walker, Trans.Faraday Soc. 65,
792, 806, and 2116 (1969).
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H+0,—- 0+ OH

Thermodynamic Data
AH3e = 70.2 kJ mol !
ASSs = 24917 K 'mol™?
K, = 3.02:10% T-93% exp(—8620/T)

Rate Coefficient Data

k{cm® molecule ™! s™1] T[ K] Reference Comments
Rate Coefficient Measurements
4.510"1° exp( —8354/T) 910-1470 Kochubei and Moin (1973)! (a)
2.0-1077 T—°% exp(—8369/T) 1250-2500 Schott (1973)? (b)
1.0-10~7 exp(—8450/T) 1875-2240 Bowman (1975)* (©)
1.8:10~19 exp(—8107/T) 925-1825 Chiang and Skinner (1979)* (d)
2.0-10~° exp(—8107/T) 1000-2500 Pamidimukkala and Skinner (1982)° (e)
4.1-10~ " exp(—8696/T) 1700-2500 Frank and Just (1985)° )
281071 exp(—8118/T) 962-1705 Klemm et al (1989)’ ®
Reviews and Evaluations
37107 exp(—8456/T) 700-2500 Baulch et al. (1972)*
2.8-1077 T~ exp(—8744/T) 300-1250 Cohen and Westberg (1983)°
2.0:10-7 T-°% exp(—8310/T) 300-2500 Warnatz (1984)'¢

Comments

(a) Oxidation of H in O»/CO,/N, mixtures; static system.
Product analysis by gas chromatography. Total pres-
sures 80-900 Torr.

(b) Shock heating of lean and rich H/CO/Oy/Ar mixtures,
time-resolved chemiluminescence in the visible and
ultraviolet region (A > 340 nm). Total pressures 20-
350 Torr.

(c) Shock heating of stoichiometric and rich CHy/O2/Ar
mixtures, [OH] by absorption at 308 nm, [O] from
chemiluminescence near 370 nm, [CO] and [CO;]
from infrared emission at 4.8 mu and 6.3 mu. Total
densities (1.4-2.3)-107° mol cm™>. Numerical mod-
elling of 23 reaction mechanism of methane oxidation
and adjusting of sensitive rates.

(d) Shock tube; Hy/O/Ar mixtures; [H] by Lyman a-reso-
nance absorption. Total pressure = 2 atm.

(e) Shock heating of rich and stoichiometric Hy/Oo/Ar
mixtures; [O] by resonancc absorption. Total pres-
sures = 1.5-2.5 atm.

(f) Shock heating of N;O/H2/O2/Ar mixtures; [H] and [O]
by time-resolved atomic resonance absorption. Total
densities ( 6:107°—1.3-10"° ) mol cm™> Numerical
modelling of 10 reaction mechanism and adjusting of
rate parameters.

(g) Shock tube; H atoms produced by flash photolysis of
either NH; or H;O in the reflected shock regime; [H]
by atomic resonance absorption. Total pressures 10—
30 Torr.

Preferred Values

k = 33107 exp(—8456/T) cm® molecule™! s~ over
range 300-2500 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Reliability
Alog k = = 0.1 at low temperatures rising to = 0.2 at
2500 K

Comments on Preferred Values
The preferred value is similar to the recommendation
of Baulch et al %, but a little smaller in agreement with
new results of Frank and Just® and Klemm et al.”. The
negative temperature dependence measured by
Schott? is not taken into consideration.

References

'V. F. Kochubei and F. B. Moin, Ukr. Khim. Zh. 39, 888 (1973).

*G. L. Schott, Comb. Flame 21, 357 (1973).

3C. T. Bowman, 15th Symp. (Int.) Combust., 869 (1975).

4C. -C. Chiang and G. B. Skinner, Proc. 12th Int. Symp. on Shock Tubes
and Waves, 629 (1976).

SK. M. Pamidimukkala and G. B. Skinner, Proc. 13th Int. Symp. on
Shock Tubes and Waves, 585 (1982).

SP. Frank and Th. Just, Ber. Bunsenges. Phys. Chem. 89, 181 (1985).

7A. N. Pirraglia, J. V. Michael, J. W. Sutherland, and R. B. Klemm, J.
Phys. Chem., 93, 282 (1989).

8D. L. Baulch, D. D. Drysdale, D. G. Horne, and A. C. Lloyd, “Evalu-
ated Kinetic Data for High Temperature Reactions”, Vol. 1: “Homo-
geneous Gas Phase Reactions of the H,—O: System”, London,
Butterworths (1972).

*W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data, 15, 1087
(1986).

103, Warnatz, in “Combustion Chemistry”, ed. W. C. Gardiner,
Springer-Verlag, New York (1984).
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H+ O, (+ M) » HO, (+ M)

Thermodynamic Data
AH3s = —208 kJ mol™?!
AS%s = —90.6 K™ *mol™?
K, =6.9-1073 T -5 exp(+24800/T) atm™!

Rate Coefficient Data

k[em® molecule=2 5s71] TIK] plTorr] M Reference Comments
Rate Coefficient Measurements
0.610~32 298 10-600 Ar Ahumada et al. (1972)! (a)
1211073 298 10-600 H;
0.75-10~32 298 10-600 He
19103 300 Ar, He Westenberg and deHaas (1972)° (b)
6.7-10~3 exp(+238/T) 203-404 10400 Ar, He Kurylo (1972)° ©
8.9-10-33 exp(+770/T) 913-1473 80-900 H, Kochubei and Moin (1973)* (d)
6.8:10~3 exp(+345/T) 220-360 10-500 Ar Wong and Davis (1974) (e)
1.410-2 300 2-30 He Hack et al. (1974)° ®
2.510-%2 773 H, Dixon-Lewis et al.. (1975)7 )
2.1.10-% ) 1500
1.2:10-% 2130
2.510-% 293 Ar Hack (1977) (b)
9.1-10-3 980-1176 1520 N2 Slack (1977)° (i)
1.2:10732 exp( +505/T) 925-1825 = 1520 Ar Chiang and Skinner (1979)'° 1)
6.0-10—32 298 760 H, Nielsen et al. (1982)!! (k)
1.210-% exp(+505/T) 10002500 1140-1900 Ar Pamidimukkala and Skinner (1982) Q)
7.9-10~34 exp(+796/T) 231-512 2-10 Ar Pratt and Wood (1983)" (m)
2.8-10-3 298 Ar Troe et al. (1985)" (n)
6.5-10~3 298 N
151073 298 CH,
ko=7.510"" cm® molecule~!s™! 298
Feeo (Ar) = 0.45
Feem (N2) = 0.50
Foem (CH.) = 0.54
2.6:10~3 298 4.8-30 He Kaufman et al. (1987) (o)
6.1-10-% 298 4.8-30 N,
6.4-10-3! 298 4.8-30 H,O
7.1-10~3 746-987 Ar Kiemm et al. (1989)*¢ P)
Reviews and Evaluations
4.1:10~% exp(+505/T) 300-2000 Ar Baulch et al. (1972)"7
1.410~ exp(+505/T) 300-2000 H,
171073 T-v* 200-2000 Ar Baulch et al. (1980)*"
5.810"30 T-08 200400 N,
1.810-® 171 300-2500 0O, N; Tsang and Hampson (1986)'°
Comments (e) VUV flash photolysis of CH./O,/M mixtures. [H] by

(a) Hg sensitized photodecomposition of Hy; [H] moni-
tored by Lyman «a spectroscopy. Reaction was found
to be third order over total pressure range. Relative
efficiencies H; : Kr: He : Ar: Ne = 2.0:18:1.2:
1.0:0.2.

(b) Discharge-flow system; [H], [OH], and [O] measured
by ESR.

(c) Flash photolysis of CH, or CsHg/O2»/He, Ar, or N mix-
tures. [H] monitored by Lyman « resonance fluores-
cence. Relative collision efficiencies CHs : Nz : He :
Ar = 157:34:10:1.0.

(d) Oxidation of H; in O/CO/N; mixtures; product anal-
ysis by gas chromatography. H; in excess.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Lyman « resonance fluorescence. Relative efficien-
ciesAr:He:H;: N;: CH; = 1.0:093:2.8:22 at
300 K.

(f) Discharge-flow study; [H] and [OH] by ESR.

(g) Numerical simulation of Hy/O-/N; flames. Relative ef-
ficiencies Hz : O2: N2 : H;O = 1.0:0.35: 0.44 : 6.5.

(h) Discharge-flow study; [H], [O], and [OH] by ESR.

(i) Shock heating of Hy/air mixtures. OH and H,O ob-
served by emission at 307 nm and 2.7 um, respec-
tively. Modelling of induction times near to the
second explosion limit; results very sensitive to k.

(j) Decomposition of Hy/O/Ar mixtures behind reflected
shock waves; [H] by Lyman « resonance absorption.
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(k) Pulse radiolysis of H, with small amounts of Oz; [HO,]
monitored by absorption at 230 nm.

(1) Shock heating of rich and stoichiometric Ho/O,/Ar
mixtures. [O] by resonance absorption.

{m) Discharge-flow system; [HO:] by gas chromatogra-
phy, other products by mass spectrometry.

(n) Laser flash photolysis of NHs in the presence of ex:
cess O,. Total pressures between 1 and 200 bar. HO,
monitored by absorption at 220 nm. Reaction found
to be in the fall-off range; extrapolation to limiting
low- and high-pressure rate coefficients.

(o) Flow reactor; H generated by microwave discharge or
by thermal decomposition on a W filament. [H] by
resonance absorption, [OH] by resonance fluores-
cence.

(p) Flash photolysis of either NH; or HO in the reflected
shock regime. [H] monitored by atomic resonance ab-
sorption spectroscopy.

Preferred Values

k = 1.7-107%° 77°8 cm5 molecule~2 57! over range 300~
2000 KforM = Ar

k = 5.8107% T7°8 cm® molecule? s~ over range 300-
2000KforM = H;

k = 3.9107% T7% ¢m® molecule™? s~ over range 300-
2000KforM = N;

k = 4.3107% T-°8 cm® molecule 2 s™! over range 300-
2000 KforM = H;O

Reliability

Alog k = = 0.5 over range 300-2000 K

Comments on Preferred Values
The value preferred by Baulch eral? has been
adopted.

For clarity, rate data measured before 1972 are in-
cluded in the Arrhenius plot (see Baulch et al " for Ref.).
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H+ O: + Ar - HO; + Ar
T/K

2000 1000 500 400 300

! i ! i I

-31.5 | - ®
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Log (k/cm®molecules 257!

(o4
~
{ Jo) N &)

-32.5 |-

-33.0 ! 1 |

EXPERIMENTAL DATA

Ahumada et of 1972
Westenberg ond DeHaos 1972
Kuryio 1972

Wong -and Davis 1974
Hoek 1977

Chiong ond Skinner 1979
Pratt and Wood 1983
Troe ot of 1963

Clyne 1963

Clyne ond Thrush 1963
Lorkin and Thrush 1964
Getzinger and Schott 1965
Gelzinger 3nd Blair 1966
Gutmon et ‘ol 1967
Browne ot o 1969

Goy ond Prott 1969
Getzinger ond Bloir 1989
Bishop ond Dorfman 1970
Blair and Getzinger 1970
Westenberg et aof 1970
Hikido et of 1971

This Recommendation 1989

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

4.0 5.0




Log (k/cm®molecules™2s™!)

EVALUATED KINETIC DATA FOR COMBUSTION MODELLING 491
H+02+H2—>H02+H2

T/K
2000 1000 500 400 300
] 1 1 T 1
EXPERIMENTAL DATA I
=) Ahumada et ol 1972
|} Kochubei and Moin 1973
Wong and Davis 1974
A Dixon—Lewis et al 1975
O Nielsen et aof 1982
-30.0 - — Burgess and Robb 1957
A Reobartson ot al 1057
——————— Kurzius 1964 A
XX Bishop and Dorfmon 1970
This Recommendation 1989
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H + H (+M) — H. (+M)

Thermodynamic Data
AH3gs = —436 kJ mol ™!
AS3s = —98.6 JK~'mol~?
K, = 3.1910~2 T~'2 exp(+52100/T) atm™!

Rate Coefficient Data

k[em® molecule=2 s~1] TIK] M Reference Comments
Rate Coefficient Measurements
8.1-10"3 298 H, Trainor, Ham, and Kaufman (1973)! (a)
7.0-10-3 298 He
9.2:10-3 298 Ar
1.610~3 298 He Azatyan et al. (1973)? (b)
1210732 Ar
2.810-3 1300-1700 Ar Mallard and Owen (1974)* (c)
251073t T-06 77-295 H; Walkauskas and Kaufman (1975)* (a)
9.2:10~3t T-08 77-295 Ar
1.810-2® T-13 77-295 N,
5.610-32 7031 300-1800 Dixon-Lewis et al. (1975)° (d)
3.310-% 300 H, Haraguchi (1975)° (e)
1.9-10-32 300 He
851073 298 H, Lynch, Schwab, and Michael (1976)” o
6.910~% 298 He
8.0-10-3 298 Ar
9.6:10~3 298 N:
1.5-10~% 300 H, Haraguchi and Kumagai (1978)* (e)
2.810-3 297 H;0 Grigoryan (1980)° : ((4)
1.3:10732 297 He
22103 297 Ar
Reviews and Evaluations
1.810-% T-10 2500-5000 Ar Baulch et al. (1972)1°
7.2:10-30 T-10 H,;
8.310-3 300 H.
1.510-® 1713 77-2000 N, Tsang and Hampson (1986)"

Comments

(a) Flow tube; H atoms generated thermally on a heated
W filament. [H] monitored by energy release of cata-
Iytic recombination. Total pressures 2-15 Torr.

(b) Jet system; H generated by microwave discharge and
monitored by ESR.

(c) Shock initiated combustion of rich Hy/O,/Ar mixtures.
[OH] monitored by resonance absorption at 306.7
nm. Computer simulation of a 16 reaction mechanism
sensitive to k.

(d) Numerical simulation of H,/O./N; flames. Equal colli-
sion efficiencies for all molecules assumed.

(e) Discharge-flow system. [H] by use of a hot wire detec-
tor or isothermal calorimeter.

(f) H atoms generated by Hg photosensitization of H; and
monitored by Lyman a absorption spectroscopy. To-
tal pressures 500-1500 Torr.

(g) Flow tube, EPR detection.

Preferred Values

k = 1.8107% T7'® ¢cm® molecule~? s~! over range 300~
2500 K for M = Ar

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

k = 271073 T7% cm® molecule "% s~! over range 100~
5000 K for M = H,

Reliability
Alog k = % 0.5 over whole temperature range

Comments on Preferred Values

The value preferred by Baulch etal.® has been
adopted. The arguments given there are accepted,
and the values measured after 1972 do not contradict
this recommendation.

For clarity, rate data measured before 1972 are in-
cluded in the Arrhenius plot (see Baulch et al." for
Ref.).
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H+H+ Ar—>H: + Ar
T/K

2000 1000 500 400 300
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Trainor et o 1973

Lynch et ol 1976

Grigoryen 1980

Schott 1960

Potch 1962

Rink 1962
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Schott aond Bird 1964
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Larkin ond Thrush/Lorkin 1968
Gelzinger ond Blair 1966
Jocobs et al 1967
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Gay ond Pratt 1969
Getzinger and Blair 1969
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Hurie et of 1969
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H+H+H:—>H: + H;
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T T I T
EXPCRIMONTAL DATA
- O Walkouskas ond Kaufmon 1975
| | Traoinor et ot 1973
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Thermodynamic Data
AH30s = —499 kJ mol ™!
AS35s = —109 J K~ !mol !

BAULCH ET AL.

H + OH (+ M) — H;0 (+ M)

K, = 3.6:1072 T2 exp(+59800/T) atm~*

Rate Coefficient Data

k[cm® molecule~2 s~1] T[K] M Reference Comments
Rate Coefficient Measurements

2110~ 128 2570-3290 Ar Homer and Hurle (1969)! (a)

4.110-2 126 2570-3290 H:0

8.810~% 1900 Ar Halstead (b)

2.2:107* 1900 He and Jenkins (1969,70)>

8.810-% 1500 N, :

7.5-10-*? 1900 HO

< 1-110-% 1900 CO, CO:

2.1110-% 2130 Friswell and Sutton (1972)* ©)

8.310~% exp(+750/T) 300-1800 N2 Dixon-Lewis ef al. (1975)° (d)

4310~ T-26 220-300 He Zelluer ecal. (1977)% (€)

1.0-10-8 17! Goodings and Hayhurst (1988)7 o
Reviews and Evaluations )

2.3-10-2 1r-20 1000-3000 Ar Daulch ct al. (1972)%

6.1-10-26 720 1000-3000 N2

3910~ 120 1000-3000 H,0

6.1.10-26 T-20 300-3000 N, Tsang and Hampson (1986)°

Comments Reliability

(a) Dissociation of water vapour in Ar behind shock
waves; [OH] measured by flash absorption near 310
nm. k-, obtained, k calculated from thermodynamic
equilibrium.

(b) Study of rich premixed Hx/O; flames; [H] monitored
by Li/LiOH technique. Experimental data reanalysed
in Ref. 3.

(c) Fuel-lean Hy/O2/N; flames at atmospheric pressure;
[H] by Li/LiOH method.

(d) Numerical simulation of H»/O»/N; flames; assumed
equal collision efficiencies for Hj, N, and O,. K (H;0)
= 5 k(N2). Results not very sensitive to the chosen
values of k.

(e) Discharge-flow system; {[OH] by resonance fluores-
cence. Total pressures 3-11 Torr. Relative third body
efficiencies at 300 KHe : Ar:N,: CO; = 1:15:3.2
: 6.

(f) Modelling study of premixed lean Hy/O,/N, flames.

Preferred Values

k = 2.3107% T-2° cm® molecule~2 s™! over range 300-
3000 K for M = Ar

k = 6.1107% T-2° cm® molecule 2 s™! over range 300~
3000K forM = N,

k = 3.910"% T-%° cm® molecule~? s~ over range 300-
3000 K for M = H,O

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Alogk = = 03 forM = Ar
Alogk = = 05forM = N,
Alogk = * 05 for M = H,O

Comments on Preferred Values

The value preferred by Baulch ef al.(1972)% has been
taken. The arguments given there are accepted, and the
values measured after 1972 do not contradict this recom-
mendation.

References

1J. B. Homer and 1. R. Hurle, Proc. Roy. Soc. A314, 585 (1969).

2C. J. Halstead and D. R. Jenkins, 12th Symp. (Int.) Combust., 979
(1969).

3C. 1. Halstead and D. R. Jenkins, Comb. Flame 14, 321 (1970).

“N. J. Friswell and M. M. Sutton, Chem. Phys. Lett. 15, 108 (1972).

5G. Dixon-Lewis, J. B. Greenberg, and F. A. Goldsworthy, 15th Symp.
(Int.) Combust., 717 (1975).

R. Zeliner, K. Erler, and D. Field, 16th Symp. (Int.) Combust., 939
(1977).

7J. M. Goodings and A. N. Hayhurst, J. Chem. Soc., Faraday Trans. II,
84, 745 (1988).

D. L. Baulch, D. D. Drysdale, D. G. Horne, and A. C. Lloyd, “Evalu-
ated Kinetic Data for High Temperature Reactions”, Vol. 1: “Homo-
geneous Gas Phase Reactions of the Hr-O,System”, London,
Butterworths (1972).

W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 1§, 1987
(1986).



Log (k/cm®molecules™%s™!)

-29.56

-30.0

-30.5

-31.0

-31.5

EVALUATED KINETIC DATA FOR COMBUSTION MODELLING
H + OH + H.0 — H.0 + H:0

2000
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EXPERIMENTAL DATA

Homer aond Hurle 1969
Halstead ond Jenkins 1970
Friswell and Sutton 1972
Boyd et ol 1973

Jensen and Jones 1974
Dixon—Lewis 1975

Goodings aond Hayhurst 1988
Frost ang Uldenberg 1936
Oldenberg ond Rieke 1939
Bulewicz ond Sugden 1958
Padley and Sugden 1958
Black and Porter 1962
Dixon—Lewis et al 1962
McAndrew ond Wheeler 1962
Rosenfeld ond Sugden 1964
Dixon—Lewis et al 1965
Zeegers and Alkemade 1965
Getzinger and Blair 1969
Jenking et ol 1967
MacFarland and Topps 1967
Gay and Pratt 1969
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H+0H+N2—>H20+Nz
T/K

2000 1000 . 500
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Gay and Prott 1969
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H+ HO,—> H: + O (1)
SOH+OH (2
- 0 + H:0 3)
Thermodynamic Data
AH3g (1) = —228 kJ mol~? AH3e (2) = —150 kJ mol™?
AS3s (1) = —7.96 J K~*mol~? AS3 (2) = 23.6 JK~'mol~*
K, (1) = 4.58 T-°%" exp(+27300/T) K,(2) = 2.5:10° T~°%™ exp(+17800/T)
AH3g3 (3) = —221 kJ mol ™!
AS3s (3) = 6.06 J K~'mol !
K,(3) = 1.56:102 T =962 exp( +26300/T)
Rate Coefficient Data
k[cm® molecule™! s™1] TIK] Reference Comments

Rate Coefficient Measurements

kilks/ks = 0.62:0.27:0.11 298 Westenberg and deHaas (1972)! (a)
ki = 2.710~! exp(—180/T) 300-1000 Day et al. (1973)? (b)
k2 — 3.8-10~'"" cxp(—930/T")

ks/k; = 0.1

kilk =029 293 Hack, Wagner, and Hoyermann (1978)3 (©)
k2 [k = 0.02

ks/k = 0.69

4.710~1 293 Hack, Preuss, and Wagner (1979)* (d)
ky = 46107 758-850 Baldwin and Walker (1979)° (e)
k2 = 9.0-107" exp(—915/T) .

ks = 8.3107!! exp(—915/T)

ky = 331071 349 Pagsberg et al. (1979)% ®
5.0-10~% . 298 Thrush and Wilkinson (1981)” @
ky = 6.710712 296 Sridharan, Qiu, and Kaufman (1982)% (h)
kz = 641071

ks = 3.0-10712

k2l ki = 27.54 exp(—T37/T) 231-464 Pratt and Wood (1983)° @)
ky = 7110712 245-300 Keyser (1986)™ [0
k, = 7.81071

ks = 2:107%2

Reviews and Evaluations

ky = 4.2:10~" exp(—349/T) 290-800 Baulch et al. (1972)"

k2 = 4.2107%° exp(—950/T)

ki = 141071 298 Baulch ef al. (1980)"

k, = 3.2110~H

ks < 951071

k» = 481071 298 Kaufman and Sherwell (1983)"
kilky/ks = 042:1:003

ky = 4.210~" exp(—350/T) 3001000 Warnatz (1984)"

kz = 2.5107° exp(—505/T) 300-1000

ky = 1.1107% exp(—1070/T) 300-2500 Tsang and Hampson (1986)"
ky = 2810 exp(~440/T)

Comments (e) Recalculated because of a revised value for k(H +
02) — OH + O.
(a) Discharge-flow system; absolute [H] and steady-state  (f) Pulse radiolysis of gaseous ammonia - oxygen mix-
{OH] and [O] by electron spin resonance. tures at atmospheric pressure; [NH;], [NH], and
(b) Numerical modelling of burning velocities of rich Hy/ [OH] measured by UV absorption spectroscopy. Nu-
O4/N; flames. Parameters not very accurate. merical integration of 23 reaction mechanism and fit-
(c) Discharge-flow system; HO; from H + O, recombina- ting of unknown rate parameters to experimental
tion. [H], [O], and [OH] monitored by electron spin results.
resonance. Total pressure near 5-10° Pa. k estimated  (g) Discharge-flow system; HO, steady-state concentra-
to lie in the range (3.3-7.3)-10~" ¢cm® molecule ™! s™, tion measured by laser magnetic resonance. Total
(d) Discharge-flow system; HO, from F + H,O; reaction pressures 2.5-3.2 Torr. Given rate based on a relative
or from H + O; + M recombination. [OH] and collision efficiency of O,/J/Ar = 3:1inH+ O, + M
[HO-] observed by laser magnetic resonance. Total recombination.
pressures 500-800 Pa and 130 Pa.

~ J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992



500 BAULCH ET AL.

(h) Flow system; HO, from F + H,O; reaction. [HO:]
monitored by conversion to OH with excess NO, [H]
and [O] by VUV resonance fluorescence, [OH] by
laser induced fluorescence. Total pressures near 2.5
Torr He.

(i) Discharge-flow system; HO, from H + O; + M re-
combination. Product analysis by mass spectrometry

and gas chromatography. Total pressures 2-10 Torr

Ar.
(j) Flow system; HO, from F + H,0; reaction. [OH], [O],
and [H] monitored by resonance fluorescence, [HO,]

by quantitatively converting it to OH with an excess
of NO.

Preferred Values

ki = 7.1-10™" exp(—710/T) cm® molecule™! s over
range 300-1000 K

k: = 2.81071° exp(—440/T) cm?® molecule™! 57! over
range 300-1000 K

ks = 5.010""exp(—866/T) cm® molecule™ s~! over
range 300-1000 K

Reliability

Alog k = = (.3 for total rate coefficient over range
300-1000 K

20 % error on branching ratios for (1) and (2), 100 %
for (3)

Comments on Preferred Values

For the reaction leading to Hz and O, the recommen-
dation is based on the relatively small rate coefficients at
low temperature measured with modern methods and on

J. Phv= Them. Ref. Data, Vol. 21, No. 3, 1992

the spare high temperature values. For the reaction lead-
ing to OH + OH, the recommendation of Tsang and
Hampson® is adopted which is similar to the recommen-
dation of Warnatz", :

For clarity, rate data measured before 1972 are in-
cluded in the Arrhenius plot (see Baulch et al." for Ref.).

References

!A. A. Westenberg and N. deHaas, J. Phys. Chem. 76, 1586 (1972).

M. J. Day, K. Thompson, and G. Dixon-Lewis, 14th Symp. (Int.) Com-
bust., 47 (1973).

3W. Hack, H. Gg. Wagner, and K. Hoyermann, Ber. Bunsenges. Phys.
Chem. 82, 713 (1978).

*W. Hack, A. W. Preuss, and H. Gg. Wagner, Ber. Bunsenges. Phys.
Chem. 83, 212 (1979).

*R. R. Baldwin and R. W. Walker, 17th Symp. (Int.) Combust., 525
(1979).

‘P. B. Pagsberg, J. Eriksen, and H. C. Christensen, J. Phys. Chem. 83,
582 (1979).

"B. A. Thrush and J. P. T. Wilkinson, Chem. Phys. Lett. 84, 17 (1981).

8U. C. Sridharan, L. X. Qiu, and F. Kaufman, J. Phys. Chem. 86, 4569
(1982).

%G. L Pratt and S. W. Waod, J. Chem. Soc., Faraday Trans. I, 79, 2597
(1983).

10, F. Keyser, J. Phys. Chem. 90, 2994 (1986).

1D, L. Baulch, D. D. Drysdale, D. G. Horne, and A. C. Lloyd, “Eval-
uated Kinetic Data for High Temperature Reactions”, Vol. 1: “Homo-
geneous Gas Phase Reactions of the Hr-O, System”, London,
Butterworths (1972).

12D, L. Baulch, R. A. Cox, R. F. Hampson, J. A. Kerr, J. Troe, and R.
T. Watson, J. Phys. Chem. Ref. Data 9, 295 (1980).

13M. Kaufman and J. Sherwell, Prog. React. Kinet. 12, 2 (1983).

14§ Warnatz, in “Combustion Chemistry”, ed. W. C. Gardiner,
Springer-Verlag, New York (1984).

5W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1986).



Log(k/cm “molecule 's ™)

-10.0

-10.5

--11.0

-11.5

EVALUATED KINETIC DATA FOR COMBUSTION MODELLING

2000

H+ HO, - H; + O,

T/K

1000 400

500 300

501

I

(e} 327 [w}

T i T

EXPERIMENTAL DATA

Sridharan ‘et al 1982
Hack et ol 1978
Day et al 1973
Baidwin et al 1974

Westenberg and DeHoas 1972
Keyamr 1972

Pratt ond Wood 1983
Baldwin aond Walker 1979
Clyne and Thrush 1963
Albers 1969

Browne et al 1969

Dodonov et ol 1969
Dixon—Lewis et of 1970
Bennet aond Blackmore 1971

This Recommendotion 1989 -

J. Phys, Chem. Ref. Data, Vol. 21, No, 3, 1992



502

BAULCH ET AL.
H + HO; - OH + OH
T/K
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H+ HO,—-HO0+ 0O
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H + H.O — OH + H;

Thermodynamic Data
AHS3 = 62.9 kJ mol~?
AS5ss = 10.9 J K™ 'mol !
K, = 8.85 T~00 exp(—7680/T)

Rate Coefficient Data

k[cm® molecule™! s7!] T[K] Reference Comments
Rate Coefficient Measurements

5.2:1071° exp(—11100/T) 1160-1390 Madronich and Felder (1984)! (a)

4610710 exp(— 11558/T) 1246-2297 Michael and Sutherland (1988)? (b)
Reviews and Evaluations

1.5-1071° exp(—10248/T) 300-2500 Baulch eral. (1972)3

1.0-10-1% 7% exp(—9260/T) 400-2400 Tsang and Hampson (1986)*

Comments

(a) Flash photolysis of H,O; [OH] by time resolved reso-
nance fluorescence. Total pressures near 200 Torr.
Experimental difficulties due to H atom diffusion.

(b) Shock tube; H atoms produced by flash photolysis of
H,O/Ar mixtures. [H] as a function of time by atomic
resonance absorption spectroscopy.

Preferred Values

k = 7.51071 TS exp( — 9270/T") cm® molecule ' s~! over
range 300-2500 K

Reliability
Alog k = = 0.2 over range 3002500 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Comments on Preferred Values

The recommended rate coefficient is based on the
spare high temperature measurements and rate data of
the reverse reaction combined with the equilibrium con-
stant.

For clarity, rate data measured before 1972 are in-
cluded in the Arrhenius plot (see Baulch et al.? for Ref.).

References

1S. Madronich and W. Felder, J. Phys. Chem. 88, 1857 (1984).

2J. V. Michael and J. W. Sutherland, J. Phys. Chem. 92, 3853 (1988).

3D. L. Baulch, D. D. Drysdale, D. G. Horne, and A. C. Lloyd, “Evalu-
ated Kinetic Data for High Temperature Reactions”, Vol. 1: “Homo-
geneous Gas Phase Reactions of the H>-O,System”, London,
Butterworths (1972).

*W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1986).
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H + Hzo - OH + Hz

T/K
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H + HzOz d H02 + Hz (1)
- OH + H.0 (2)

Thermodynamic Data
AH3g (1) = —71.4 KJ mol ™!
AS3s (1) = 12.1 JK~'mol !
K,(1) = 5.65-10° T~06% exp(+8310/T)

AH3gs (2) = —285 kJ mol~!
AS30s (2) = 24.8 JK~'mol"!
K,(2) = 1.5910° T~ exp(+33700/T)

Rate Coefficient Data (k = ki + k)

k[em?® molecule ! s71] T[K] Reference Comments
Rate Coefficient Measurements

ka/ k= 10 870-1000 Kijewski and Troe (1971) (a)

ky/ky = 3.0 298 Gorse and Volman (1974)? (b)

ky/ky, =13 298 Heicklen and Meagher (1974)3 (c)

(Ex-E\)/ R = 2030 K 294-753 Baldwin et al. (1974)* (d)

Az /A1 = 100

5.2:10712 exp( - 1400/T) 283-353 Klemm et al. (1975)° ) (e)

Reviews and Evaluations

ki = 2.8107'2 exp(—1890/T) 300-800 Baulch et al. (1972)¢

ka = 3.7107° exp(—5906/T) 400-800

ky = 2.810712 exp(—1890/T) 300-800 Warnatz (1984)"

k2 = 1.7-10~ ! exp(—1805/T) 300-1000

ki = 8.0-107' exp(—4005/T) 300-2500 Tsang and Hampson (1986)*

k = 4.0-107!* exp(—2000/T) 300-2500

Comments

(a) Thermal decomposition of H.O, behind reflected
shock waves in Ar carrier gas (density = 5-107° mol
cm~?) with added Hz. [H,O:] by absorption measure-
ments at 280 nm, [HO,] by absorption at 230 nm. Rel-
ative rate estimated from the maximum HO; yield in
the quasi-stationary period of the reaction. Computer
simulations of the system were only successful with k;
> 1.7-107" c¢m® molecule™! s7*,

(b) Photolysis of H,O; at 254 nm in the presence of CO;
mass spectrometric analysis. k2 / k; derived from rela-
tive yields of CO; and H,.

(c) Photolysis of H,O; at 253.7 nm in the presence of CO.
Rate of CO, production monitored by quadrupole
mass spectrometry. Total pressure near 50 Torr N..

(d) Combination of the results of Baldwin efal.’ with
those of Albers et al." for H,O, + D assuming small
isotopic effects.

(e) VUV flash photolysis of H;O»/He to yield H. [H] mon-
itored by Lyman-a resonance fluorescence. Below
1000 K channel (2) was found to be predominant.

Preferred Values

ky = 2.8107" exp(—1890/T) cm® molecule™ s' over
range 300-1000 K
ky = 1.7-107" exp(—1800/T) cm® molecule™ s~! over

range 300-1000 K

J. Friys. Chem. Ref. Dsta, Vol. 21, No. 3, 1992

Reliability
Alog ky = = 0.3 over range 300-1000 K
Alog k, = = 0.3 over range 300-1000 K

Comments on Preferred Values

The values preferred by Warnatz’ have been adopted.
The arguments given there are accepted, and the values
measured after 1984 do not contradict this recommenda-
tion.

For clarity, rate data measured before 1972 are in-
cluded in the Arrhenius plot (see Baulch et al ° for Ref.).
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H + HzOz —> Hz + HO2
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H+NH->H:+ N

Thermodynamic Data (See Comments on Preferred Values)

AH393 = —102kJ mol ™!
AS3s = —12.0 J K 'mol ™!
K, = 0.497 T ~°%exp(+12200/T)

Rate Coefficient Data

k[cm? molecule~! s—!] T[K] Reference Comments
Rate Coefficient Measurements

= 1710~ 1790-2200 Morley (1981)! @)
Reviews and Evaluations

~ 5-10-11 1790-2200 Hanson and Salimian (1984)2 )

Comments

(a) HyO/Ar flames doped with CH;CN. [NH] monitored
by laser induced fluorescence. Accuracy limited by
calibration for NH. k also calculated from the results
of Haynes® assuming mole fraction of H, = 5.7-1072
and K = 3 in his conditions.

(b) Review of experimental measurements. Recommends
value of Morley'.

Preferred Values
k = 1.7107" cm® molecule "' s~! over range 1500-2500 K

Reliability
Alog k = =.1.0 over the range 1500-2500 K

Comments on Preferred Values

The only experimental determinations are those of
Morley' and of Haynes® recalculated by Morley'.

The value of Morley is recommended and, since the
rate coefficient is expected to have only a small tempera-
ture coefficient, the recommendation is made for a wider
temperature range than that of the measurements but
with substantial error limits to accomodate any error in-
troduced by this extrapolation.

The thermodynamic data should be used with caution.
There are significant uncertainties associated with the
data on NH.

References

IC. Morley, 18th Symp. (Int.) Combust., 23 (1981).

2R. K. Hanson and S. Salimian, in “Combustion Chemistry”, ed. W. C.
Gardiner, Springer-Verlag, New York (1984).

3B. S. Haynes, Comb. Flame 28, 113 (1977).

H + NH; —» H: + NH

Thermodynamic Data (See Comments on Preferred Values)

AH393 = —51.9KJ mol™!
Asggg =254) K-lmol_l
K, = 5.24 T‘Dlsaexp(+6090/T)

Rate Coefficient Data

k[cm® molecule ™! 5] T[K] Reference Comments
Reviews and Evaluations
- Baulch et al. (1974) (a)
5.0:10-1" exp(—4600/T) 1800-3000 Lesclaux (1984)? (b)
31610~ 2400-3000 Hanson and Salimian (1985)3 (©)

Comments

(a) Review of data to 1973. Alternative addition channel
yielding NH; assumed dominant.

(b) Evaluation. Value of k based on Yumura et al.5,

(c) Review of data.

Preferred Values
k = 1.0-10~" cm’ molecule "' s ™! over range 2000-3000 K

Reliability
Alog k = *+ 1.0 over the range 2000-3000 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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Comments on Preferred Values

All of the available data have been reviewed?>.
At low temperatures there are two measurements of k
differing by a factor of 4. There is an alternative channel
(H + NH; + M - NH; + M) which may be important
at low temperatures (see data sheet on NH; + M). We
make no recommendation for this temperature regime.

At high temperatures (1800-3000 K) the results from
three studies®” of shock tube pyrolysis of NH; scatter
over an order of magnitude. Two of these™’ depend upon
measurements of k.; and equilibrium data. The value of
Roose® plotted is a value which supersedes an older value
from the same laboratory’. The recommended value is
based on the values from all three studies with substantial
error limits.

The thermodynamic data should be used with caution.
There may be significant errors in the data on NH.

BAULCH ET AL.

References

!D. L. Baulch, D. D. Drysdale, D. G. Horne, and A. C. Lloyd, “Evalu-
ated Kinetic Data for High Temperature Reactions”, Vol. 2, Homoge-
neous Gas Phase Reactions of the Hy-N>-O,System, Butterworths,
London.

2R. Lesclaux, Rev. Chem. Intermed. 5, 847 (1984).

3R. K. Hanson and S. Salimian, in “Combustion Chemistry”, ed. W. C.
Gardiner, Sprin-ger-Verlag, New York (1984).

‘A. W. Boyd, C. Willis, and O. A. Miller, Can. J. Chem. 49, 2283 (1971).

5T. T. Roose, Ph. D. Thesis, Stanford University (1981), reported in
Ref. 3.

SM. Yumura and T. Asaba, 18th Symp. (Int.) Combust., 863 (1981).

7J. E. Dove and W. S. Nip, Can. J. Chem. 57, 689 (1977).

¥P. B. Pagsberg, J. Eriksen, and H. C. Christensen, J. Phys. Chem. 83,
582 (1979).

°T. R. Roose, R. K. Hanson, and C. H. Kruger, Proc. 12th Int. Symp.
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476 (1980).

H + °CH, - H; + CH

Thermodynamic Data
AH2y = —10.8kJ mol-1
ASSes = 3.44) K~'mol~!
K, = 3.64 T-01 exp(+1220/T)

Rate Coefficient Data

k [cm® molecule~! s~1] T{K] Reference Comments
Rate Coefficient Measurements
2.710-1 298 Bohland and Temps (1984)! (@)
1.3-10~1 2000--2800 Frank, Bhaskaran, and Just (1986)° (b)
1.810-1° 298 Bohland, Temps, and Wagner (1987)° (a)
Reviews and Evaluations
2.7-1071° 298 Tsang and Hampson (1986)* (c)

Comments

(a) Discharge flow with LMR detection of *CH,. H pro-
duced from discharge through Ha, *CH; by discharge
through ketene.

(b) Absorption spectroscopy study of H and CO following
thermal dissociation of dilute ketene in argon behind
reflected shocks.

(c) Based on Ref. 1.

Preferred Values

k = 1.0107" exp(+900/T) cm® molecule™! s~ over
range 300-3000 K
Reliability

Alogk = = 0.7

Comments on Preferred Values

Bohland et al.® demonstrated that, when their value is
combined with the reverse rate coefficient of Zabarnick
etal’, an estimate of 389 kJmol™! is obtained for
AH?9%(*CHz), in good agreement with the accepted value.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Frank et al .2 argue that the rate coefficient must decrease
with temperature and that a value as high as that of B6h-
land et al ? is not compatible with their high temperature
data. Lohr and Roth® found some evidence for a high
temperature value of 510~ em® molecule ™! s! but the
technique was less direct than that of Frank et al., and
subject o significant uncertainty. In view of the large dis-
crepancy between the estimates of Refs. 2 and 3, a nega-
tive temperature dependence is proposed, compatible
with a mechanism involving a CH; association complex.
Large uncertainties are attached.
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2P. Frank, K. A. Bhaskaran, and Th. Just, J. Phys. Chem. 90, 2226
(1986).

3T. Bohland, F. Temps, and H. Gg. Wagner, J. Phys. Chem. 91, 1205
(1987).

*W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data, 15, 1087
(1986).

5S. Zabarnick, J. W. Fleming, and M. C. Lin, J. Chem. Phys. 85, 4373
(1986).

®R. Lohr and P. Roth, Ber. Bunsenges. Phys. Chem. 85, 153 (1981).
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H + CHa d Hz + 1CI“lz (1)
H + CHs (+ M) — CH, (+ M) @)

Thermodynamic Data
AH3g (1) = 61.0 kJ mol™?
AS3s (1) = 10.7 JK 'mol !
K,(1) = 23.7 T-%5" exp(—7640/T)

A3y (2) = —439 kJ mol~!
AS3 (2) = —123 JK~'mol !
K,(2) = 1761074 T=19% exp(+52700/T) atm~*

Rate Coefficient Data

k [cm® molecule~? 5]

T [K] Reference Comments
Rate Coefficient Measurements
ky = 3.0-10"exp(—7580/T) 1700-2300 Bhaskaran et al. (1979)! (a)

Comments

(a) Shock tube study using atomic resonance absorption
spectroscopy. ‘

Preferred Values

k = 1.0:107'° exp(—7600/T) cm® molecule™! s~! over
range 300-2500 K

Reliability
Alogk = = 1.0

Comments on Preferred Values

Combining the well established low temperature rate

coefficient for the reverse reaction (1.22107* cm?

molecule ™! s7!, this evaluation) with K, gives k = 2.8-10~°
T ~"exp(—7640/T) cm’ molecule ™! s™* over the temper-
ature range 300-1000 K, a factor, at 1000 K, of 6 below
that predicted by extrapolation of the Arrhenius expres-
sion of Bhaskaran et al.!. It is possible, although unlikely,
that the rate coefficient for the reverse reaction increases
with temperature. A preferred rate coefficient midway
between the thermodynamic value and that of Bhaskaran
et al.! has been adopted to accommodate this possibility.

Reference

'K. A. Bhaskaran, P. Frank, and Th. Just, 12th Shock Tube Symposium,
Jerusalem (1979).
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H + CHy(+M) — CHi(+M)

Thermodynamic Data
AH30s = —439 kJ mol~?
AS% = —123 JK™'mol~?
K, = 1.76:10~% T~1% exp(+52700/T) atm~*

Rate Coefficient Data

k[cm® molecule ™! 5] T{K]} [M] [molecule cm ™3] Reference Comments
Rate Coefficient Measurements
Low Pressure Range
[He] 3.2.10°% 504 (4.8-76.7)-10"" (He) Brouard et al. (1985) (a)
[He] 4.0-10-% 300-600 (4.8-163.5)-10"" (He) Brouard ef al. (1989)? (a)
Intermediate Fall-off Range
6.6:10~12 298 (5.2-10.0)10' (Ar) Brown et al. (1966)° (b)
1.710-1 293 22107 (He) Dodonov ef al. (1969)* (©)
391012 290 2.7-10"7 (Ar) Halstead et al. (1970)° ()
6.6:10~12 5.4-10"7
1.810-1 303-603 2.0-10' (Hy) Teng and Jones (1972)° (e)
2.0-10~%2 300 2.410' (He) Michael et al. (1973)” )
5.510-%2 8.1-10%
8.010712 11.1-10%
1.810°12 503-753 1.3-10"7 (Ar) Canmilleri et al. (1974)® (2)
3.610712 2.610"7
3.010712 295 2.0-10"7 (He) Pratt and Veltmann (1974)° (h)
7.410°12 4.9-10"
6.7:1012 321 2.4-10'7 (He) Pratt and Veltmann (1976)'° (h)
5.2:10712 415 1.9-10V
3.410712 521 1.5-10"7
0.53-101° 308 0.94-10" (C,Hs) Cheng and Yeh (1977)" @)
1.8-10-1° 3.1-10*
2.5-10710 9.4-10"
2.8-10"1° 25.1-10'8
3.0-10°1° 72.1-10"®
261012 640-818 9.8:10' (Ar) Sepehrad et al. (1979)"? G)
4.710°12 18.5-10%
201071 296 2.5:10'7 (N3, Hy) Sworski ef al. (1980)3 (k)
1.52-10-1 504 4.810" (He) Brouard et al. (1985) (a)
1.86-10~ 1! 9.6:10"7
3.44-1071! 19.3-10
5.31-:10~1 38.5-10%7
7.7510-11 76.7-10"7
2.26-10711 301 0.81-10" (He) Brouard et al. (1989)? (a)
3.52-107 1 1.6:10™®
6.36:10~1 3.310"
14.0-10~1 9.8-10"
18.2.1071 16.3-10"®
1.35-10° 401 0.61-10*®
2.5210~1 1.2-10%
444101 2.4-10"
10.1-.10-1 8.4-10%
14.4-10 14.7-10"®
2.11-1071 601 1.7-10"
378101t - 4.910"
6.1810~1 11.4-10'
High Pressure Range
1.510°1 300 (1.6-32.2)-10*8 (Ar, SFs) Patrick et al. (1980)* m
351071 504 (4.8-76.7):10" (He) Brouard et al. (1985)! (a)
471010 300 (8.1-16.4)-10* (He) Brouard and Pilling (1986)" (a)
4710710 300-600 (8.1-16.4)-10" (He) Brouard ef al. (1989)? (a)
Reviews and Evaluations
ko = [Ar] 2.21072 T3 300-2500 Warnatz (1984)'6 (m)
ke = 1.01077 T} :
ke = 2.010-° 794 300-1100 Tsang and Hampson (1986)"7 (n)

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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Rate Coefficient Data — Continued

k[cm?® molecule~* 7] TIK] [M] [molecule cm~3] Reference Comments
ko = 423107 T-°% exp(—159/T) 300-2500 Stewart et al. (1989)!* ()
ko = 2.010°°T-0¢ 300-1100 Tsang (1989)'° (P)
ko = [He) 6.210-% (T/300)~* 300-1000 Cobos and Troe (1990)% @
ko = [C;Hg] 3.010-% (T/300)~# 300-1000
F{(He) = exp(—0.45—T/3231) 300-1000
F.(C:Hy) = exp(—0.34—T/3035) 300-1000
ke = 3.510°1° 300-1000

Comments

(a) 193 nm photolysis of acetone, [CI3] and [H] by time-
resolved UV absorption and resonance fluorescence
respectively. [CH;] > [H]. k. by RRKM/master equa-
tion fit.

(b) Discharge flow study of H + C;H, system. CHs gen-
erated by H + C;Hs — 2 CHs. ESR detection of H.
Relied on Toby and Schiff's* product yield analysis
to interpret data. :

(c) Mass spectrometric study of species distribution in
diffusion cloud; CHs generated fromH + C:Hs, H +
C;Hs; H generated in discharge.

(d) Discharge flow study of H + C;H, system; used GC
analysis of CHs, C;Hs, CsHs, and CsHio.

(e) Discharge flow study of H + C;H, system, products
analysed by GC and simulated by numerical integra-
tion.

(f) Comparison of H + C;H. data from high pressure
pulsed Hg photosensitization-resonance absorption
and low pressure discharge flow-mass spectrometry.
Radical - atom reactions make greater contribution
in latter study. Numerical integration.

(g) Discharge flow study of H + C;Hs system. GC detec-
tion of CH,, C:H,, and C;H;. Rate coefficients from
fitting the reaction scheme using numerical integra-
tion. Assumed k; independent of temperature.

(h) Discharge flow study of H + C;H, system. Products
detected by mass spectrometry. Rate coefficients by
fitting 7 rcaction scheme using numecrical intcgration.

(i) Steady-state Hg photosensitisation of C;Hs. Products
detected by mass spectrometry. k. by Lindemann
plot.

(j) Discharge flow study of H + CH, system. Products
detected by gas chromatography. Rate coefficients
from numerical integration of 14 reaction scheme.

(k) 160 nm photolysis of H,O/CHs mixtures. CH; de-
tected as function of time at 216 nm. Rate coefficient
determined by fitting to 11 reaction scheme with H;
and N; diluent.

() Flash photolysis of azomethane/ethene mixtures.
Products analysed by gas chromatography. Rate coef-
ficient determined by numerical integration of 9 reac-
tion scheme, but probably low because (i) reaction
(1) competes primarily with CH; + CHj; and low rate
coefficient was used for CH; recombination, (ii) H +
azomethane was neglected. k. by RRKM fit.

(m)Review of literature prior to 1980.

(n) The results of Cheng et al.', Sworski etal.®, and
Patrick et al.!* have been combined with the reverse
rate determination of Chen et al.® to derive the rec-
ommended expression. A tabulation of log k/k. over
the temperature range 300-2500 K from RRKM cal-
culations is also given.

(o) Single-channel hindered Gorin model RRKM calcu-
lations of the CH, decomposition with a fit to exper-
imental results. Conversion to kK« via the equilibrium
constant.

(p) The results of Cheng etal.", Sworski etal.”, and
Patrick et al.** have been combined with the reverse
rate determination of Chen et al . to derive the rec-
ommended expression.

(q) Theoretical calculation based on k, calculations from
Ref. 21, the representation of fall-off curves from
Ref. 22, and the k. treatment from Ref. 23. Collision
efficiencies . at 300 K of 0.07 for M = He and of
0.15 for M = C:Hs point to particularly inefficient
energy transfer for which <AE > values may in-
crease proportional to the temperature. Therefore,
the temperature coefficient of kp at 7 < 1000 K was
chosen as in the strong collision limit, i.e., assuming
B. to be temperature independent. The temperature
coefficient of k. was derived from SACM-modified
PST calculations of Ref. 23 which also predicts the
absolute value of k. to be as recommended. The
broadening factors contain a considerable weak colli-
sion contribution, strong collision broadening factors

being given by F.* = exp(—0.09—T7/3316).

Preferred Values

ko = [He] 6.2:10% (T/300)'® cm® molecule™! s~! over
range 300-1000 K

ko = [Ar] 6.0-10"% (T7/300)'# cm® molecule™ s~ over
range 300-1000 K

ko = [CHs] 3.0-107% (T/300)~'* cm® molecule™ s™!
over range 300-1000 K

k. = 3510 cm® molecule”
1000 K

F. = exp(—0.45-7T/3231) for M

F. = exp(—0.34—T/3053) for M

! s7! over range 300~

He, Ar
C.Hs

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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Reliability
Alogko = = 0.3 for M = He over range 300~1000 K
Alogko = = 05 for M = Ar, C;H; over range 300-
1000 K
Alog k.. =+ 0.3 over range 300-1000 K

AF. = = 0.1 over range 300-1000 K

Comments on Preferred Values

The preferred values are chosen from a comparison of
a recent theoretical modelling by Cobos and Troe® with
the most extensive experimental data from Pilling and
coworkers'? for the bath gas He. This model points to
comparably low B. and <AFE > values such that a positive
temperature coefficient of <AE > and a temperature in-
dependent (. in agreement with the fit to the experiments
appears not unconceivable. The high pressure limit is
based mainly on the data by Cheng and Yeh! in accord
with the theoretical prediction from Ref. 23. The values
for M = Ar are uncertain, Ref. 3 indicating a larger ko
value than for M = He which is in contrast to the more
detailed results from Ref. 5. More experiments close to
the low and high pressure limits are required to arrive at
a conclusive picture.
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CH3+H+He'—>CH4+He
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H+ CH; - H, + CH;

Thermodynamic Data
AH3¢s = 2.6 kJ mol !
ASSes = 24.0 J K~ 'mol !
K, = 1.81-10% T~°2% exp(—638/T)

Rate Coefficient Data

k [cm® molecule ™! s7!] Temperature [K] Reference Comments
Rate Coefficient Measurements
1.7:10~* exp( ~ 2265/T) 372-436 Berlie and LeRoy (1954)" (a)
6.3-10~! exp(—5185/T) 1150-1900 Fenimore and Jones (1961)? (b)
1.15-10~!° exp(—5539/T) 426-747 Kurylo and Timmons (1969)* ()
1.04:107° exp(—5838/T) 500-732 Kurylo, Hollinden, and
Timmons (1970)* (d)
5.33-10~12 . 1600 Peeters and Mahnen (1973)° (e)
3.55-10'° T? exp(—8889/T) 1300-1750 Biordi, Papp, and Lazzara (1974)° ®
1.02-10-1 1700 Biordi, Papp, and Lazzara (1975)’ ) ()
1.2:107° exp(—7580/T) 1700-2300 Roth and Just (1975)% (h)
3.02-10~° exp(—6627/T) 640-818 Sepehrad, Marshall, and
Purnell (1979)° @
Reviews and Evaluations
2110~ ° exp(—5990/T) 370-1800 Walker (1968)% G)
3.73:1072° Texp(—~4405/T) 300-1800 Clark and Dove (1973)!! (k)
23510717 T2 exp(~4449/T) 3701800 Shaw (1978)2 )
1.2610~ exp(—6002/T) 400-1800 Sepehrad, Marshall, and
Purnell (1979)° (m)
3.73:107%° T2 exp(—4405/T) 300-2500 Warnatz (1984)"3 (n)
3.73-102° T exp(—4405/T) Tsang and Hampson (1986)" (o)

300-2000

Comments

(a) Only low temperature data available; k values more
reliable than A and E. H atoms measured by catalytic
recombination.

(b) Low pressure flames. k determined relative to k (H +
N;O) for which 1.26107" exp(—-7600/T) cm®
molecule™ s7! is used®.

(c) Flow discharge; ESR detection of H atoms.

(d) Flow discharge; ESR detection of H atoms; excellent
agreement with authors’ earlier results.

(e) Flame study; molecular beam sampling, mass spectro-
metric detection of all species.

(f) Low pressure flames, modulated molecular beam with
mass spcctrometric detection. Authors do not quote
k values; Arrhenius parameters determined from
published graph.

(g) CF;Br—inhibited CH. flames, techniques as in (f).

(h) Shock tube-resonance fluorescence study of CH, py-
rolysis.

(i) Discharge flow; computer fit to C;H; yields deter-
mined by gas chromatography.

() Reviews early work critically and discusses reliability
of data.

(k) Simplified BEBO form of calculating k values. Gave
good fit to reliable data between 300 and 1800 K.

(1) Non-critical review of rate constants; useful coverage
of data up to 1978.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

(m) Argues for Arrhenius expression, but ignores high
temperature data.

(n) Recommends Clark and Dove expression without
comment.

(o) Carried out further BEBO calculations and Clark and
Dove’s results are confirmed; same parameters rec-
ommended.

Preferred Values

k = 2.18107% T3° exp(—4045/T) cm® molecule™ s!
over range 300-2000 K

Reliability
Alog k — = 0.05 over range 500-1000 K rising to = 0.1
at 2000 K and = 0.2 at 2500 K
= * 0.2at 300 K

Comments on Preferred Values

Extensive literature on this reaction is available.
Walker' has shown that a number of early studies are
unreliable. The value of k is defined very accurately
between 500 and 2000 K, but no reliable data are avail-
able at room temperature. The preferred expression gives
a slightly better fit to the high temperature data than
Clark and Dove’s, but the two expressions give very sim-
ilar rate constants at all temperatures and both involve a
T? term.
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H + CHO —» CO + H.

Thermodynamic Data
AH3%s = —372 kJ mol~!
AS% = —11.0 JK " 'mol ™!
K, = 11.4 T~ exp( +44500/T)

Rate Coefficient Data

k[cm?® molecule~* s™!] T[K] Reference Comments
Rate Coefficient Measurements
3.310°1 1000-1700 Browne et al. (1969)" &)
k/kco+o =3 300 Niki, Daby, and Weinstock (1969)° (b)
k/kcuo + 0o = 4.0 298 Mack and Thrush (1973)3 ()
klkcao +0 =21 425 Campbell and Handy (1978)* (d)
= 551071 298 Reilly et al. (1978)° (e)
2.0-107% , 298 Nadtochenko, Sarkisov, and Vedeneev (1979)° )
1.2:10°% 298 Hochanadel, Sworsky, and Ogren (1980)” ®
6.6:10"1 =~ 1100 Cherian er al. (1981)* (h)
1.410-% 296 Timonen, Ratajczak, and Gutman (1987)° 0]
1.3-107" 350
9.610~ 1 418
Reviews and Evaluations
3.310-1%° 300-2500 Warnatz (1984)*°
2.0-10-1° 300-2500 Tsang and Hampson (1986)"!

Comments

(a) Modelling of lean and rich acetylene flames at low
pressures. Species profiles by gas chromatography,
[OH], [CH], and [C;] by absorption measurements.

(b) C;H4/O discharge-flow system; mass spectrometry.
Total pressure 1-2.3 Torr.

(c) Discharge-flow system; CH;O/O reaction; gas chro-
matography, air afterglow chemiluminescence ob-
served, [O] and [H] by electron spin resonance. Total
pressure = 1.5-3 Torr.

(d) Stirred flow reactor, microwave discharge of No; CHO
formed by addition of various amounts of CO to O/H;
mixtures. [O] from O + CO chemiluminescence. To-
tal densities = (1-3)-10"* mol cm™ Ar or Na.

(e) Near-UV pulsed photolysis of CH,O; intracavity dye
laser spectroscopy of CHO absorption at either 613.8
nm or 614.5 nm. Total pressure 10 Torr pure CH,O.
Numerical solution of a kinetic scheme and fitting of
rates to experimental data; results are rather insensi-
tive to k.

(f) Pulsed photolysis of CH;CHO/Ar at 10-200 Torr; in-
tracavity dye laser spectroscopy of CHO absorption.

(g) Flash photolysis of H,O or H,O/CO (/CH4 or Hz) mix-
tures at 1-3 atm; UV absorption of CHO at 230 nm
and of CH; at 213 nm monitored. Numerical integra-
tion of 17 reaction mechanism.

(h) Numerical modelling of burning velocities of flat Hy/
O2/N; flames at atmospheric pressure using a 27 reac-
tion mechanism and assuming zero activation energy
for k.

(i) Pulsed laser photolysis of CH;CHO/H/He mixtures at
308 nm; H atoms from microwave discharge. Mass
spectrometry, [H] monitored by NO titration.

Preferred Values

k = 1.5107° cm® molecule ~* s~! over range 300-2500 K
Reliability

Alog k = %= 0.3 over range 300-2500 K
Comments on Preferred Values

The preferred values are based on the expectation that
the rate coefficient will have a negligibly small tempera-
ture coefficient and on the reasonable concordant values
of k5™ at 298 K. The assumption of a small temperature
coefficient is supported by the high value found for k at
298 K and the few high temperature values indicating lit-
tle change with temperature.
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H + HCHO — H. + CHO

Thermodynamic Data
AH3 = —58.5 kI mol™!
AS%s = 21.9 JK~'mol !
K, = 3.810% T-%4 exp(+6730/T)

Rate Coefficient Data

k [em® molecule ™! s~'] T [K] Reference Comments
Rate Coefficient Measurements
3310~ exp(— 1660/T) 14002200 Schecker and Jost (1969)! ()
2.2:10~ ! exp(-—1892/T) 297-652 Westenberg and deHaas (1972)° (b)
54101 297 Ridley et al. (1972) ©
3.3:10~" exp(—1847/T) 264-479 Klemm (1979)* (d)
5.5-10*° exp(—5280/T) 1700-2500 Dean et al. (1980)° (©
Reviews and Evaluations
4.2:107 exp(—2009/T) 300-2500 Warnatz (1984)° ()
3.64-107'¢ T*77 exp(~—1510/T) 264-2500 Tsang and Hampson (1986)” (2)

Comments

(a) Thermal dissociation of HCHO/Ar in a shock tube;
species monitored by UV absorption and IR emis-
sion.

(b) Microwave discharge of H./He; behaviour of H atoms

in the presence of excess HCHO determined by ESR.

(c) Pulsed vacuum UV photolysis of HCHO; behaviour of
H atoms in the presence of excess HCHO determined
by Lyman a resonance fluorescence.

(d) Flash photolysis; resonance fluorescence detection of
H atoms.

(e) HCHO/O2/Ar and HCHO/N;O/Ar mixtures investi-
gated in reflected shock waves; HCHO detected by
IR emission.

(f) Based on low temperature data of Westenberg and
deHaas?, Ridley et al.?, and Klemm*, which are in

good agreement, and the high temperature data of

Schecker and Jost!.

(g) Based on the data of Westenberg and deHaas?, Ridley
etal?’, Klemm*, and Dean etal.’, and fitted using
transition state frequencies as defined from BEBO
calculations.

Preferred Values

k = 3.8107" T'% exp(— 1650/T) cm® molecule ! s~! over
range 250-2200 K

Reliability
Alog k = = 0.5 at 2000 K reducing to = 0.1 at 300 K

Comments on Preferred Values

The preferred values are based on the low temperature
data of Ridley et al.’, Klemm*, and the high temperature
data of Dean etal ’.
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H + CH;0 — H; + HCHO

Thermodynamic Data
AH30s = —350 kJ mol~?
AS3s = 6.1 J K™ "mol™!
K, = 2.12 T~ exp(+41800/T)

Rate Coefficient Data

k[cm® molecule~* s71] T[K] Reference Comments
Rate Coefficient Measurements )

28101 300 Hoyermann et al. (1981)! (a)
Reviews and Evaluations

33101 300-2000 Warnatz (1984)? )

331074 300

Tsang and Hampson (1986)* (b)

Comments

(a) Discharge flow—mass spectrometric detection. Rate
determined relative to k(C;Hs + H) for which this
evaluation gives 6:10™"' cm® molecule ™' s™'. Pressure
= 1 Torr.

(b) Based on the work of Hoyermann et al.'; uncertainty
is a factor 3.

Preferred Values
k = 3.0-107" cm® molecule ™! s™! over range 300-1000 K

Reliability
Alog k = = 0.5 over range 300-1000 K

Comments on Preferred Values

No new data have been reported on this reaction. Hoy-
ermann et al. showed that the direct H-abstraction reac-
tion accounts for 75% of the total reaction at 300 K, with
about 25% proceeding by complex formation to give ex-
cited CH3;OH. The latter pathway is expected to be less
important at high temperatures.
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H + HNCO — NH; + CO ™)
— H, + NCO @)

Thermodynamic Data
AH3o (1) = —34.0 kJ mol~!
AS3 (1) = —38.8 JK~!mol~!
K,(1) = 1.58:10° T~'4! exp(+3610/T)

AH3g5 (2) = 45.6 kJ mol~!
AS3e (2) = 9.39 JK~'mol~! :
K,(2) = 23.6 T~°% exp(—5640/T)

Rate Coefficient Data (k = ki + k)

k{cm® molecule=? s™1] T[K] Reference Comments
Rate Coefficient Measurements
ky = 231071 17001800 Beer et al. (1981)! (a)
k; = 531071 1700-1800

Comments

(a) Combustion of a 0.7% N No. 6 Fuel Oil with air in a
furnace assembly, with on line gas analysis instru-
ments (unspecified) for CO, CO,, and O, measure-
ment and a chemiluminescent analyser for NO
analysis. The results were fitted to a 34 reaction
mechanism from which the quoted values resulted.

Preferred Values

ky = 3.41071° T~°% exp(—10190/T) cm® molecule ! s!
over range 500-1000 K

Reliability
Alog k = =+ 1.0 over range 500-1000 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992



524

Comments on Preferred Values

There are no direct experimental measurements of
rate constants for either of the channels or the total reac-
tion. The values tabulated are of doubtful quality.

Values of both k;** and k* have been used in modelling
high temperature systems (1600-1800 K) but all are from
unpublished sources. In all cases k; has been assumed to
be much larger than k.. .

Perry etal.? have obtained a value for k_» over the
range 591-913 K which may be combined with the equi-
librium data to give the expression for k, quoted above.

BAULCH ET AL.
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H + NCO - NH + CO (1)
—~HCN + O @)

Thermodynamic Data (See Comments on Preferred Values)

AH;«M (2) = 6.95 kJ mol ™!

AS34 (2) = 16.0 JK~'mol !

K,(2) = 2.62:10° T~9%% exp(—995/T)

AH3g (1) = —131 kJ mol !
AS3%s (1) = 32.0 J K 'mol !
K,(1) = 3.52:10° T~ exp(+15300/T)

Rate Coefficient Data (k = ki + k)

k{cm® molecule™* s™!] T[K] Reference Comments
Rate Coefficient Measurements
1.74-107%° exp(— 1000/T) 1400-1500 Louge and Hanson (1984)! (a)

Comments

(a) Shock tube study of C:N»/O/N,O mixtures. [NCO]
monitored as a function of time by absorption spec-
troscopy at 440.5 nm.

Preferred Values
k = 8.7107" cm® molecule ™! s~ over range 1400-1500 K

Reliability
Alog k = = 0.5 over range 1400-1500 K

Comments on Preferred Values

There is only one direct determination of k, that of
Louge and Hanson'. Although they derive a temperature
coefficient for the reaction the temperature range cov-
ered is small and we therefore recommend a constant
value of k over the range 1400-1500 K with substantial er-
ror limits.

A number of other values of k have been quoted in the
literature and used in modelling a range of reaction sys-

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

tems>>**, However, none of the systems studied was suffi-
ciently sensitive to the chosen value of k for these values
to be considered in this evaluation.

There are no data on the branching ratios. Channel (1)
is usually assumed to be more important than (2); the
available data on k-; and K,(2) support this. There are
other channels possible leading to OH + CN and HCO
+ N but both are substantially endothermic.

The thermodynamic data given for channel (1) should
be used with caution. There may be significant errors in
the data for NH.

References

IM. Y. Louge and R. K. Hanson, Comb. Flame 58, 291 (1984).

2J. N. Mulvihill and L. F. Phillips, 15th Symp. (Int.) Combust., 113
(1975).

3W. M. Shaub and S. H. Bauer, Comb. Flame 32, 35 (1978).

4P. Roth, R. Lohr, and H. D. Hermanns, Ber. Bunsenges. Phys. Chem.
84, 835 (1980).

5J. M. Beer, M. -T. Jacques, W. Farmayan, and B. R. Taylor, 18th Symp.
(Int.) Combust., 101 (1981).



EVALUATED KINETIC DATA FOR COMBUSTION MODELLING 525

H + C2H2 b d H2+ CZH (1)
H + C:H:(+ M) — C:Hs(+ M) (2)

Thermodynamic Data
AH3os (1) = 116 kJ mol~*
AS30s (1) = 22.5 JK~'mol~*
K,(1) = 7.24-10° T~°8%exp(—14300/T)

AH3 (2) = —158 kJ mol~!
AS5s (2) = —84 J K~ 'mol ™!
K,(2) = 0.412 T~ Sexp(+18900/T) atm™!

Rate Coefficient Data (k = ki)

k [cm® molecule ~!s~!] T[K] Reference Comments
Rate Coefficient Measurements
5-10-12 1600 Porter et al. (1967)! (a)
910~ Pexp( — 9600/T) 1000-1700 Browne et al. (1969)° (b)
&10~Hexp(— R3IN/T) 1023-1700 Yampolskii et al. (1974)* (c)
1.3-10~ 373 2exp( - 240/T) 1700-3400 Tanzawa and Gardiner (1978)* (d)
1.7:10~ exp(—9600/T) 2000 Warnatz et al. (1982)° (e)
Reviews and Evaluations
1.310~ %exp( — 12900/T) 1850-3000 Frank and Just (1980)° ®
1:10~%exp( - 11900/T) 300-3000 Warnatz (1984)" (®)
1-10~%exp(— 11200/T) Tsang and Hampson (1986)* (h)

Comments

(a) Acetylene and methane flames probed in absorption
and emission. Assumed O; removed exclusively by
H+ O;,—>OH + O.

(b) Probing of concentration, by absorption and emission
spectroscopy, and temperature in acetylene flames.
Numerical integration of complex mechanism.

(c) Pyrolysis of acetylene in presence of D3, CD4. Analysis
by mass spectrometry. Assumed reaction (1) was sole
mechanism for H; production.

(d) Thermal decomposition of acetylene behind shock
wave. Laser schlieren, computer modelling.

(e) Burner stabilised laminar flat C;H,/O,/Ar flame. Sam-
pling nozzle with mass spectrometric detection. Stud-
ied the formation of CsHo..

(f) Reflected shock waves in C;H,/Ar; atomic resonance
absorption on H. Data not sensitive to k, but they re-
view earlier data.

(g) Based on reverse reaction and thermodynamics.
Took AH°(1) = 87 kJ mol 'and k- = 251071
exp(—1560/T) cm® molecule™'s™*.,

(h) Based on thermodynamics and k_; = 1.9-107!
exp(—1450/T) ¢cm® molecule™'s™*.

Preferred Values

ki = 1:10™%exp(— 14000/T) cm’ molecule ~'s~!over range
1000~ 3000 K

Reliability
Alogk; = * 1.0

Comments on Preferred Values

The experimental investigations are very indirect, with
the possible exception of that of Tanzawa and Gardiner*,
and make sweeping assumptions. The most direct ap-
proach is to use thermodynamic data and k_,. The pre-
ferred value is based on k_;= 2.5:10""exp(— 1560/T)

cm® molecule ™ 's 1.

The value used for AHRg(1) corresponds to
AH?s(C;H) = 560 kJ mol™!, which is consistent, within
experimental error, with the value quoted by McMillen
and Golden®(564+4 kJ mol~') and with more recent
spectroscopic data®,
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H + C.H; (+ M) — C.H; (+ M)

Thermodynamic Data
A3 = —158 kJ mol—?
AS%s = —84 JK ™ !mol~?
K, = 0.412 T-159 exp(18900/T) atm~!

Rate Coefficient Data

k [molecule ! em~3 s™!] TX] [M] [molecule cm~3] Reference Comments
Rate Coefficient Measurements
Intermediate Fall-off Range
2.310-™ 298 1.7-10'¢ (He) Michael and Niki (1967)* (a)
3.9-107%4 5.4-10%
210~ 243 4.5-10'¢ (He) Hoyermann et al. (1968)* (b)
410~ 5.110"
2:10 303 3.0-10*¢
110~ 8.4-10"
4107 373 5.9-10%
2:10~8 7.510"
710~ 463 7.2:10%¢
310-% 5.8-10"
211071 298 3.110' (He) Keil et al. (1976)° ©
6.9-1071¢ 1.6:10%
1.8'10~*? 2.410"°
1.1:10~™ 193 1.0-10'® (He) Payne and Stief (1976)* (d)
14107 6.0-10'%
1910~ % 228 42107
3.7:10-% 4.2:10"®
5.1:107 2.1.10v
3.2:107 298 3.2107
111078 3.210*
1.610~1 2.310%°
5.010~1 400 2410V
2310713 2.4-10*
4210713 1.7-10"
High Pressure Range
3810~ Mexp( — 1374/T) 207-451 Sugawara et al. (1981)° ()
1.4-10"Yexp(—~1363/T) 298473 2.5-10" (Hz,D,,He) Ellul et al. (1981)% (f)
Reviews and Evaluations
ko = [Ar] 1.2:10~%exp( - 350/T) 300-500 Warnatz (1984)7 (g)
ke = 9.110~2exp(— 1200/T) 300-2000
ko = [N2] 1.05:10~7 T ~7?7exp(—3632/T) 700-2500 Tsang and Hampson (1986)* (h)

Comments

(a) The reaction was studied in a fast discharge-flow sys-
tem coupled to a time-of-flight mass spectrometer.
The reaction mechanism was confirmed by an iso-
topic study.

(b) The reaction was investigated in a fast flow-system
coupled to ESR and mass spectrometer.

(c) The reaction was studied in a conventional discharge
flow reactor coupled to a time-of-flight mass spec-
trometer. RRKM treatment of the results.

(d) The technique of flash photolysis coupled with time
resolved detection of H via resonance fluorescence
was employed in this investigation.

(e) The reaction was investigated using the pulse radiol-
ysis/resonance absorption technique.

(f) Pulsed photolysis/resonance absorption study. The
reaction was followed monitoring 121.6 nm Lyman «
absorption.

(g) Data evaluation and simplified fall-off construction.

(h) Construction of RRKM fall-off curves.

Preferred Values

ko = 1.4107" exp(—1300/T) cm ™3 molecule ™! s~! over
range 200-400 K
ko = [He] 3.3-10"*exp(—740/T) cm~* molecule™! s

over range 200400 K
F. = 0.44 over range 200400 K

Reliability :
Alogk. = = 0.3 over range 200400 K

Alog ko = % 0.5 for over range 200~400 K
Alog F. = % 0.1 over range 200400 K
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Comments on Preferred Values

The preferred values are based on the experimental
data from Ref. 4 and a construction of the corresponding
fall-off curve from the present evaluation.
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H+ c:Ha -> Hz + Csz (1)
H + CH; (+ M) — CHq (+ M) (2

Thermodynamic Data
AH3es (1) = =277 KJ mol~*
AS%s (1) = 14.6 J K~'mol~?
K,(1) = 7.7510~2 T°2V7 exp(+33200/T)

AH3g4 (2) = —452 kJ mol-?
ASu (2) -
K,(2) = 6.83-10"% T~0% exp(+54400/T) atm™*

127 I K~ imol~!

Rate Coefficient Data

k [cm® molecule™! s™1] TK] Reference Comments
Rate Coefficient Measurements
ky = 7107 1170-1780 Benson and Haugen (1967)! (a)
ky = 3107% 1100-1500 Skinner, Sweet, and Davis (1971)? (b)
ky = 1-1071 298 Keil et al. (1976)% (©)
ky = 171071 1300-2500 Olson, Tanzawa, and Gardiner (1979)* . @)
Reviews and Calculations
ky = 31071 300-2500 Warnatz (1984)° (e)
ky = 16107 - Tsang and Hampson (1986)° (6]
Comments Reliability
Alog ky = = 0.5

(a) Steady state analysis of the shock tube data of Skinner
and Sokolski’ on H and H/D exchange with C;H, and
its isotopomers.

(b) Shock tube study at 3 atm of H and H/D exchange
with C;Hs, C;H,, and their isotopomers. Steady state
analysis.

(c) Analysis of effects of atom/radical rcactions on H +
C:H: system. Simulation by numerical integration
and comparison of discharge flow — mass spectrome-
try, flash photolysis — resonance fluorescence and
flash photolysis — resonance fluorescence experi-
ments.

(d) Shock tube study of ethane dissociation in argon by
laser schlieren. Numerical integration of a 14 reac-
tion scheme.

(e) Evaluation based on tabulated data plus a privately
communicated value from Hoyermann at 298 K of
7-10~" cm® molecule™ s~

(f) Estimate.

Preferred Values

ki = 2:107" cm® molecule ! s! over range 300-2500 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Comments on Preferred Values

All of the determinations are very indirect, hence the
wide error limits. The large exothermicity of reaction (1)
suggests that there is a negligible probability of forming

stabilised C;H, except under conditions of very high pres-
surc.
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H+ CzH4 - Hz + CzH3 (1)
H + C:H, (+ M) —» CH;s (+ M) (2)

Thermodynamic Data
AH35 (1) = 15.8 kJ mol ™!
AS%s (1) = 28.3 JK~'mol~*
K,(1) = 4.6710° T~ exp(—2270/T)

AHBgs (2) = —153 kI mol~!
AS3es (2) =
K,(2) = 5.83-1072 T~*13 exp(+18300/T) atm~!

-821JK 'mol~!

Rate Coefficient Data (k = k)

k [cm® molecule~! s™] T[K] Reference Comments
Rate Coefficient Measurements
421071 813 Baldwin, Simmons, and Walker (1966)" (a)
1.0-10~ Yexp( — 3000/T) 1170-1780 Benson and Haugen (1967)? (b)
2.6:10~ %exp( —7000/T) 1100-1500 Skinner, Sweet, and Davis (1971)3 (©)
1.810~ exp( —4300/T) 1200-1700 Peeters and Mahnen (1974)* @
8.310~%exp(— 11500/T) 1700-2000 Just, Roth, and Damm (1977)° (e)
710~ 773 Baldwin et al. (1984)% (63)
15108 900 Jayaweera and Pacey (1988)7 ®
Reviews and Evaluations
2.510" ¥exp( — S100/T) 7002000 Warnatz (1984) (h)
2.2:107® T?53%exp(—~6160/T) - Tsang and Hampson (1986)° 6)
Comments Reliability
A?Og k= =05

(a) Inhibition of first and second limits of H, + O, reac-

tion by C;Hs. Assuming ‘reasonable’ A factor, they
give k; = 1.7-10"Yexp(—4900/T).

(b) Reinterpretation of the data of Skinner and Sokolski®
on hydrogen, deuterium exchange in C;H, and its iso-
topomers.

(c) Shock tube study of H, D exchange in C;H, and its
isotopomers. GC/MS analysis.

(d) Molecular beam -~ mass spectrometer sampling of
GH4/O; flames.

(e) Thermal decomposition of C;H, in reflected shock

waves. H atom profile by atomic resonance absorp-

~ tion spectroscopy.

(f) Addition of C,;H, to slowly reacting mixtures of H, +
O; and observation of pressure change corresponding
to 50% loss of additive. kK was measured relative to
H+ O;—>OH + O (k(H + GH)/k(H + 0O,) =
12 = 4) and the value of k(H + O;) recommended
in this evaluation (5.8-10 ** cm® molecule *s™*at 773
K) has been assumed.

(g) Pyrolysis of ethene in a flow system and measurement
of H; formation. The value of k depends on the equi-
librium constant for H + C;H; = C,H;s and the rate
coefficient for C;Hs + C;Hs - CHy + C:Hs, previ-
ously measured by McKenzie et al !

(h) Approximate representation of Refs. 1-5.

(i) Based on a BEBO fit to the data of Ref. 5.

Preferred Values

k = 910~ Yexp(—7500/T) cm® molecule ' s~! over range
700-2000 K

Curnnents on Preferred Values

With the exception of the data of Skinner et al 3, there
is good agreement in the magnitude of the high tempera-
ture values, although the temperature dependencies are
not well defined. Similarly the more recent and more re-
liable lower temperature value of Baldwin ef al.® is com-
patible with that of Jayaweera and Pacey’. The
recommended rate coefficient expression is a compro-
mise between the high and low temperature data. The
high A factor may indicate a curved Arrhenius plot, but
the data only permit a lincar cxpression with wide error
limits.
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H+ CHs — 2 CHs (1)
H + CHs (+ M) » C:Hes (+ M)  (2)

Thermodynamic Data
AH3g (1) = —43.8 kJ mol™!
AS5es (1) = 21.9 JK~*mol !
K,(1) = 4.52:10° T~°7* exp(+4790/T)

AHS4s (2) = —419 kJ mol™!
AS3 (2) = —137 JK~'mol -}
K, (2) = 1.09-10~% T %% exp(+50400/T) atm™?

Rate Coefficient Data (k = ki + k2)

k [cm® molecule ™! s~1] T [K] Reference Comments
Rate Coefficient Measurements
k; = 610~ 298 Kurylo, Peterson, and Braun (1970)* (a)
ky = (49)1071 303-603 Teng and Jones (1972)° (b)
ky = 2.510~1 298 Michael, Osborne, and Suess (1973)° ©
ky = 61071 503-753 Camilleri, Marshall, and Purneli (1974)* (d)
ki = 1.1-107*° exp(— 50/T) 321-521 Pratt and Veltmann (1976)° (e)
ky = 121071 1950-2770 Tabayashi and Bauer (1979)% 0
k; = 81071 exp(—127/T) 230-568 Pratt and Wood (1984)” ®
Reviews and Evaluations
ki = 5.010~1 300-1500 Warnatz (1984)% (h)
ky = 6.0-10- Tsang and Hampson (1986)° ®

Comments

(a) Flash photolysis — resonance fluorescence study of
H + C;H.,. Computer simulation of increase in appar-
ent rate constant as [H]/[C;H,] was increased. Sug-
gested they were measuring k.. ‘

(b) Discharge flow study of H + C;H,; products analysed
by GC. Computer simulation of product yields.

(c) Pulsed Hg photosensitized decomposition of H, - res-
onance absorption, discharge flow - time-of-flight
mass spectrometry studies of H + CHi system. k;
from analysis of stoichiometry.

(d) Discharge flow study of H + C;He. Products by gas
chromatography. Numerical integration.

(e) Discharge flow study of H + C,H,. Mass spectromet-
ric detection. Numerical integration.

(f) Shock tube study of CH./Ar, CH./OyAr. Laser
schlieren. ’

(g) Discharge flow study of CH; + O,. CH; formed from
H + GH.. Products analysed by GC and simulated
by numerical integration.

(h) Evaluation, mean of low temperature data.

(i) Evaluation based on Refs. 1, 3, and 4. A strong colli-
sion analysis of ky/k; is presented.

Preferred Values
ki = 6.0-10™"! cm® molecule ™' s~! over range 300-2000 K

Reliability
Alog k = =+ 0.3 at 300 K rising to = 0.7 at 2000 K

Comments on Preferred Values

Channel (1) almost certainly dominates at room tem-
perature and at the low pressures of the discharge flow
experiments. It is favoured by low pressures and high
temperatures. There have been no realistic studies of the
ki/k; ratio, and Tsang and Hampson’s strong collision
analysis is probably inadequate. A modelling (RRKM/
master equation) study would be of value.
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EVALUATED KINETIC DATA FOR COMBUSTION MODELLING 533
H + C.H¢ — H; + C:Hs

Thermodynamic Data
AH3 = —16.9 kJ mol~!
AS%: = 38.6 J K~ 'mol !
K, = 2.92:10° T~°7% exp(+1660/T)

Rate Coefficient Data

k [cm® molecule ™! s=1] Temperature [K] Reference Comments

Rate Coefficient Measurements
5.65-10~2 exp( - 3420/T) 353436 Berlie and LeRoy (1953)! (a)
7.94-10~ ! exp(—4310/T) 990-1500 Fenimore and Jones (1961)® (b)
8.310~! exp(—3960/T) 853-953 Parsamyan ez al. (1968)* (©
3.09-10~1 exp( 4920 /T) 503-753 Pumnell et al. (1974)* (d)
1.78:10~ exp(—4643/T) 385-544 Purnell et al. (1977)° (e)
8.3-10~"" cxp(—4580/T") 281-347 Lede and Villermaux (1978)¢ $3]
4.06101 773 Baldwin and Walker (1979)” (2)
8.7:1071° exp(— 6440/T) 876-1016 Cao and Back (1984)* (h)

Reviews and Evaluations
2.17-10~"° exp(—4885/T) 300-1500 Baldwin and Melvin (1964)° (i)
8.9-10~22 T35 exp(—2615/T) 300-1800 Clark and Dove (1973)' 0]
2.19-107'° exp(—4715/T) 300-1300 Purnell et al. (1974)* (k)
80102 T35 exp(~2615/T) 300-2000 Warnatz (1984)!1 o
8.9-10~22 T35 exp(—2615/T) 300-1800 Tsang and Hampson (1986)'2 (m)

Comments

(a) H atom concentration determined by catalytic recom-
bination. Constant stoichiometry assumed at all tem-
peratures, but (Ref. 5) k values not seriously in error.

(b) Low pressure C;:Hs + H: + O flames; effectively
measured k/k(H + O, — OH + O). Results recalcu-
lated" wusing k(H + Oy = 201077 7%
exp(—8310/T) cm® molecule~! 57!,

(c) Inhibition of H, + O limit by C;Hs. Results recalcu-
lated using k(H + O) in (b).

(d) Flow discharge, computer fit of all products.

() Flow discharge, mass spectrometry. Both excess C;Hj
and cxcess I1 atom usced, and stoichiometry measured
over temperature range used.

(f) Discharge flow, H atoms formed Hg from HgO target,
and released Hg vapour measured spectrophotomet-
rically.

(g) Addition of C;H; to H, + O; reaction gives k/k (H +
0,). Value of k(H + O,) given in (b).

(h) H: = 2 H equilibrium used to control and effectively
measure H atom concentration.

(i) Review of early measurements of k.

() Simplified BEBO calculation of rate constants.

(k) Recalculated assumed stoichiometry of earlier work-
ers; argue strongly for Arrhenius expression between
300 and 1300 K.

(1) Recommends Clark and Dove’s expression without
comment.

(m) Recommend Clark and Dove’s expression, but em-
phasize that it may overestimate k above 1500 K.

Preferred Values

k = 235107 T exp(—3725/T) cm® molecule™! s~!
over range 300-2000 K

Reliability
Alog k = % 0.15 between 300 K and 1500 K rising to
+ 0.3 at 2000 K

Comments on Preferred Values

The agreement between the various sets of experimen-
tal values of k is less good than might be expected. No
particular temperature dependence of the pre-exponen-
tial tcrm is dictated by the results. Between 300 and
1300 K, the Arrhenius expression (1.89 * 0.60)-10~%
exp(—4635 £ 200/T) cm® molecule ™! s! fits the results
as well as the preferred values, but is unlikely to give rel-
atively accurate values of k above 2000 K. The rate con-
stant expression suggested by Clark and Dove, and
recommended by Warnatz and by Tsang and Hampson,
gives values of k too high at 300 and above 1300 K. Above
2000 K, the Clark and Dove expression is recommended.
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536 BAULCH ET AL.
H+CHCO—>CH, +CO (1)
— C.0 + H: (2)
— HCCOH 3)

Thermodynamic Data
AH5¢ (1) = —175.3 kJ mol~?
AS%s (1) = 24.3 JK~'mol
K,(1) = 6.23-10° T~'55 exp( + 13865/T)

AH3s (3) = —310.1 KJ mol~*
AS3s (3) = —123.1 JK~'mol~!
K,(3) = 3.2610-5 T~975 exp(—37270/T)

AHs (2) = —108.9 kJ mol-!
AS3 (2) = —52 JK ™ !'mol™!
K,(2) = 5.39 T~9%7 exp(+12990/T)

Rate Coefficient Data (k = ki + k2 + ka)

k{cm® molecule ™! s~!] Temperature [K] Reference Comments

Rate Coefficient Measurements R
510-11 16002000 Lshr and Roth (1981)} (a)
5-10-12 1000 Homann and Wellmann (1983)? (b)
2.5:10-1° 535 Vinckier et al. (1985)* (c)
25.10-10 1500-1700 Frank et al. (1986)* (d)

Comments

(a) Direct measurement of [H] and [O] in reaction zone
behind shock waves generated in O + CH, mixtures.
Reaction H + CHCO needed to give good fit to [O]
and [H] time profiles. Derived k is best-fit value and
assumed to be k.

(b) High temperature flow reactor coupled to a quadru-
pole mass spectrometer. Value of k obtained from
best fit to [CO]-time profiles. However, value of k is
based partly on the Jones and Bayes® value for k (O +
CHCO) which is almost certainly too low by a factor
of at least 50 (see comment on O + CHCO reaction).

(c) Discharge flow study of O + C,Hj, radical concentra-
tions being monitored by molecular beam mass spec-
trometry. Value of k determined from best fit to
[CHCO}-time profile at 535 K and determined from
ratio k/k(O + CHCO) = 1.4 with k(O + CHCO) =
1.8107"" cm® molecule™ s7' (Value of k(O +
CHCO) is effectively indistinguishable from recom-
mended value = 1.6-107!°, see comment on O +
CHCO reaction).

(d) Shock tube study, with simultaneous measurement of
[H], [O], and [CO] by atomic and molecular absorp-
tion spectrometry. H + CHCO important in later
stages of O + C;H; reactions. k determined from [O]
and [H] profiles under optimised stoichiometry.

Preferred Values
= 2.5107" cm® molecule ™! s™! over range 300-2500 K

Reliability
Alog k = = 0.4 over range 300-2500 K

Comments on Preferred Values

Based on computer fitting of intermediate products,
reaction (1) is the preferred path**. Faubel and Wagner®
have suggested, however, that reaction (2) could be an
important route for C;O formation in the O + C,H, sys-
tem. The values of k differ by a factor of 50, but that ob-
tained by Homann and Wellmann is almost certainly too
low by a factor of at least 10 (see comments). With an
activation energy of effectively zero the values obtained
by Frank eral. and by Vinckier efal.are in excellent
agreement, and are the bases of the preferred value of k.
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H + CH.CO — CH; + CO (1)
— CH:CHO (2)

Thermodynamic Data
AH3e (1) = —131 kJ mol ™!
AS3 (1) = 35.2 TK~'mol~*
K,(1) = 1.4:10°% T ~145 exp(+15300/T)

AH3gs (2) = —141 kJ mol ™!
AS3os (2) = —88.6 JK~'mol !
K,(2) = 111072 T % exp( +16900/T)

Rate Coefficient Data (k = k, + k3)

k[cm® molecule ™! s71] T[K] Reference Comments
Rate Coefficient Measurements
13101 298 Carr et al. (1968)! (a)
6.0-10~ 12 exp(—1176/T) 218-363 Slemr and Warnek (1975)? (b)
1.88-10"! exp(~1725/T) 298-500 Michael et al. (1979)° (c)
7.3107% 298
6.48:107 12 exp(—975/T) 240-440 Umemoto et al. (1985)* ()
301071 1650-1850 Frank et al. (1986)° (e)
Reviews and Evaluations
7.0-107*2 exp(—1515/T) 300-500 ‘Warnatz (1984)° [¢3]

Comments

(a) Discharge flow system. H atoms produced from Ha/
He mixtures flowing through a microwave discharge.
CH,CO in excess. Analysis by mass spectrometer.
CH, and CO observed to be major products. CoH,,
C:H; and CH;O also observed.

- (b) Discharge flow system, H atoms in excess. H gener-
ated from HyHe mixtures flowing through a mi-
crowave discharge, ketene produced by continuous
pyrolysis of diketene. Analysis by mass spectrometer.

(c) Two techniques used.

(i) Flash photolysis of CH./CH,Cl/Ar mixtures, analy-
sis by resonance fluorescence for [H].

(it) Discharge flow system, analysis by resonance fluo-
rescence for [H], CH.CO in excess. Results at 298 K
only.

(d) Pulse radiolysis of Ho/ketene mixtures, ketene in ex-
cess. [H] decay measured by resonance absorption.

(e) Shock tube study, CH,CO/Ar mixtures. [H] and [CO]
measured with respect to time by atomic and molecu-
lar resonance absorption spectroscopy.

(f) Only low temperature results available.

Preferred Values

ki = 3.0-10™" exp(—1700/T) cm® molecule™ s~! over
range 200-2000 K

Reliability
Alog k; = % 0.5 at 200 K rising to = 1.0 at 2000 K

Comments on Preferred Values

All the experimental data available is for the total rate
constant (k = ki + k2). No determination of the impor-
tance of the separate channels has yet been made. How-
ever, it has been assumed>** that channel (1) is dominant
and channel (2) is of negligible importance.

The absolute values of the rate constants obtained in
the different low temperature studies">** are in good
agreement but there are significant differences in the
temperature coefficients obtained. Use of the largest
temperature coefficient® to extrapolate to high tempera-
tures still leaves the extrapolated value of & slightly lower
at 1800 K than the experimental results of Frank et al 5.
This may imply curvature of the Arrhenius plot or merely
reflect the errors in the measurements.

The preferred values are based on the temperature co-
efficient of k of Michael eral® and a value of k =
1.0:107 1 em® molecule™! s=! at 208 K.
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H + CHsCHO — H, + CH,CO (1)
- H, + CH.CHO  (2)

Thermodynamic Data
AH3es (1) = —75.3 kJ mol~?
AS%s (1) = 18.9 JK-'mol~!
K,(1) = 1.21:10° T-%54 exp(+8690/T)

AH3es (2) = —27.6 kJ mol~!
AS3% (2) = 200 JK " 'mol !
K,(2) = 53.2 T~%% exp(+2967/T)

Rate Coefficient Data (k = k, + k2)

k [cm® molecule ™! s~1] T[K] Reference Comments
Rate Coefficient Measurements
4.3:107*2 exp(—1310/T) 295-389 Aders and Wagner (1973)! (a)
531071 298 Slemr and Warneck (1975)? (b)
2.2:10~ "1 exp(—1660/T) 298-500 Whytock ef al. (1976)° ©
1.410~1 exp(—3490/T) 1550-1850 Beeley e al. (1977)* ()
9.8:107% ' 298 Michael and Lee (1977)° (e)
Reviews and Evaluations
6.6:10~!! exp(—2120/T) 300-2000 Warnatz (1984)%

Comments

(a) Fast flow reactor. Transients and products measured
by ESR and mass spectroscopy.

(b) Discharge flow mass spectroscopic measurement of
stable species. kK measured relative to the reaction of
hydrogen atoms with ketene.

(c) Flash photolysis — resonance fluorescence (Lyman ).

(d) Ignition of CH;CHO/O2/Ar mixtures behind incident
shock waves. Stable and transient species monitored
by UV and IR emission. k¥ determined from mod-
elling the system.

(e) Discharge flow — resonance fluorescence (Lyman a ).

Preferred Values

k = 6.8:107 T** exp(—1210/T) cm® molecule "' s ™! over
range 300-2000 K

Reliability
Alog k = * 0.4 at 2000 K reducing to = 0.1 at 300 K

Comments on Preferred Values

Preferred values are hased on the data of Whytack
et al ? and Michael and Lee’® at low temperature. Arrhe-
nius plot curved to fit the data of Beeley eral.* at high
temperature. Temperature dependence data of Whytock
et al ? indicates possibility of curvature. No experimental
information is available on the contribution of the second
channel. Assuming k2 = 0.5 k(H + CHa), k»/k increases
from 0.04 at 700 K to 0.5 at 1700 K. The contribution at
lower temperatures where most of the measurements
have been made is negligible.

References

'W. K. Aders and H. Gg. Wagner, Ber. Bunsenges. Phys. Chem. 77, 332
(1973).

?F. Slemr and P. Warneck, Ber. Bunsenges. Phys. Chem. 79, 152 (1975).

3D. A. Whytock, J. V. Michael, W. A. Payne, and L. J. Stief, J. Chem.
Phys. 65, 4871 (1976).

“P. Beeley. J. F. Griffiths, B. A. Hunt, and A. Williams, 16th Symp.
(Int.) Combust., 1013 (1976).

°J. V. Michael and J. H. Lee, Chem. Phys. Lett. 51, 303 (1977).

®J. Warnatz, in “Combustion Chemistry”, ed. W. C. Gardiner, Springer-
Verlag, New York (1984).

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992



540 BAULCH ET AL

H <+ CHsCHO - Hz + CH:;CO
— H; + CH.CHO

T/K
2000 1000 500 400 300
T T T T T
-10.5 |-
EXPERIMENTAL DATA
Adera and Wogner 1973
| ] Slemr and Warneck 1975
~~~~~~~ Whytock et al 1976
------------------- Beeley et ol 1977
O Michaoe! ond Lee 1977
This Recommendation 1989
-11.0
—~~
T -11.5
H(/)
1
Q
—
=]
@)
[
m—t
E
e . -12.0 |-
@)
~
~4
~—
an
Q
—
-12.5
-13.0
-135
1 1 | | 1 I 1
0 0.5 1.0 1.5 2.0 2.5 30 35

10°77 /K!

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992




EVALUATED KINETIC DATA FOR COMBUSTION MODELLING 541
H + CeHs (+ M) — CeHs (+ M)

Thermodynamic Data
AH3g (1) = —463.5 kJ mol~!
AS%s (1) = —133.7 K 'mol~!
K,(1) = 1.0-10-5T ~%4Sexp(+ 55840/T) atm™*

Rate Coefficient Data

k[cm*molecule ~'s~!] T[K] Reference Comments
Rate Coefficient Measurements
17101 1500-2000 Frenklach et al. (1985)* (a)
131071 1380-1700 Braun-Unkhoff et al. (1989)° (b)

Comments

(a) Modelling of soot formation under the conditions in
shock tube pyrolysis. Initial concentrations of about
1% acetylene in argon were used at post shock pres-
sures of 5-7 bar. No sensitivity of the rate constant
value with respect to the measured profiles is pre-
sented.

(b) Dissociation of phenyl radicals behind reflected
shock waves was investigated by monitoring H atoms
with ARAS. Nitrosobenzene served as thermal
source for the phenyl radicals. The test gas mixtures
consisted of argon with relative concentrations of 1-
100 ppm nitrosobenzene. It was found that besides
the dissociation reaction sequence of phenyl, the re-
combination step has strongest influence on the mea-
sured H atom concentration level.

Preferred Values
k = 1.3:107" cm® molecule ~* s~! over range 1400-1700 K

Reliability
Alogk = = 0.5

Comments on Prefered Values

The recommended value is based on the only experi-
mental study of phenyl pyrolysis and is actually depen-
dent upon the rate of the phenyl recombination reaction.

References

M. Frenklach, D. W. Clary, W. C. Gardiner, Jr., and S. E. Stein, 20th
Symp. (Int.) Combust., 887 (1985).

M. Braun-Unkhoff, P. Frank, and Th. Just, 22nd Symp. (Int.) Com-
bust., 1053 (1989).

H + CSHs - Hz + CsHs (1)
H + CeHs (+ M) - CeH; (+ M) )

Thermodynamic Data
AH3w (1) = 27.2 kJ mol~!
AS3 (1) = 35.1 JK~'mol
K,(1) = 5.310* T~°% exp(—3780/T)

AH3g (2) = 112.3 kJ mol !
AS30 (2) = —78.9 JK " 'mol~!
K.(2) = 641071 T~127 exp(—14060/T") atm=1!

Rate Coefficient Data (k = ki + k)

k[em3 molecule~! s~1] T[K] Reference Comments

Rate Coefficient Measurements
1.3-10~" exp(—1661/T) 300-357 Sauer and Ward (1967)! (a)
9.8-10~ ! exp(—2164/T) 298-393 Sauer and Mani (1970)? (b)
ky = 3.40-10~1* exp(—4378/T) 883-963 Mkryan et al. (1971)3 ©
ki = 6.6:10~"° exp(—3623/T) 1400-1900 Asaba and Fujii (1971)* (d)
k2 = 3.010°% 303 Knutti and Buehler (1972)° (&)
ky = 1.7-10~Yexp(—2013/T) 540 Louw and Lucas (1973)¢ ®
ky = 1.210~" exp(— 1864/T) 296493 Hoyermann et al. (1975)7 (g)
ki = 1310719 exp(— 5032/T) 12001900 Fujii and Asaba (1977)" (h)
ki = 1.110-M exp(—4780/T) 1273-2073 Smith (1979)° (i)
6.7-10~! exp(—2170/T) 298-1000 Nicovich and Ravishankara (1984)'° G)
ky = 4.710~Y exp(—8052/T) 1630-1940 Rao and Skinner (1984)" (k)
ki = 4.21071 exp(—8052/T) 1900-2200 Kiefer et al. (1985)'? - 0]
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Comments

(a) Pulsed radiolysis with product analysis by gas chro-
matography. Transient species were monitored as
function of time by absorption in the wavelength
range 260-340 pm. The results are close to the high
pressure limiting rate coefficient.

(b) H atom reactions with a series of monosubstituted
benzenes, naphthalene, the xylenes, and pyridine
were investigated using the pulsed-radiolysis method.
Optical absorption changes occurring after the elec-
tron pulses were monitored for the wavelength range
260-400 wm. Measurements of the overall reaction
are close to the high pressure limits.

(c) Evaluation of an overall rate coefficient from a flow
reactor study.

(d) Mixtures of 10-20% benzene with argon were py-
rolyzed in a single pulse shock tube at 2-8 atm. The
products formed were analyzed hy gas chromatogra-
phy. Additionally absorption spectroscopy was ap-
plied. A complex mechanism was used for modelling
the experimental data.

(e) Low pressures study (mbar range) in a fast gas flow
system. The time dependence of adducts, transient
species, and of products were measured by mass
spectroscopy. The rate expression is deduced from a
kinetic model.

(f) The conversion of benzene and of deuterated ben-
zene mixtures into biphenyl was examined in a tank
flow reactor at atmospheric pressure. Formation of
biphenyl was detected by gas chromatography.

(g) The experiments were carried out in an isothermal
flow reactor using ESR, MS, and GC detection tech-
niques. The reactions of H atoms with cyclohexene
and cyclohexadiene have also been measured.

(h) The high temperature pyrolysis of benzene was stud-
ied in a single pulse shock. Gas samples were heated
by reflected shock waves; the products were analyzed
by GC. The reaction rate was also followed by light
absorption at 200-600 nm (benzene, biphenyl). The
experimental data are interpreted by a chain mecha-
nism consisting of 7 elementary reactions.

(i) The pyrolysis of mixtures of toluene and benzene
were studied in a high temperature Knudsen cell by
using modulated molecular beam mass spectrometric
methods.

(i) Observed rate coefficient for the consumption of H
atoms using the flash photolysis-resonance fluores-
cence technique for p = 10-200 Torr. H-atoms were
produced by photolysis of benzene or H;O. Time-de-

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

pendent detection of H-resonance fluorescence at
121.5 nm (channel (2)). An estimated rate coefficient
for channel (1) (ki = 510~'? exp(—4076/T) cm®
molecule™! s™') gives negligible contribution to the
overall rate at any temperature less than 1000 K.
Consequently a limiting high pressure rate expression
for channel (2) is evaluated for temperature range
below 1000 K.

(k) Dilute mixtures of deuterated benzene and of
chlorobenzene were pyrolyzed behind reflected
shock waves at total pressures of 2-3 atm. The forma-
tion of D or H atoms was monitored by a time re-
solved ARAS.

(1) The shock tube-laser schlieren technique was used to
investigate the high temperature pyrolsis of benzene
in mixtures with krypton. The measured density gra-
dient profiles were modelled by a 26 step mechanism
(channel (1)).

Preferred Values

k. = 6.7107" exp(—2170/T) cm® molecule™! s~! over

range 300- 1000 K
Reliability
Alogk, = = 0.2

Comments on Preferred Values
The present data do not allow an evaluation of a rate
expression for the abstraction channel (1) because of the
scattering of the experimental data at high temperatures.
For the adduct reaction channel (2) a high pressure
limiting rate coefficient is evaluated based on the data of
Ref. 10.
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H + CeHsO (+ M) — CsHsOH (+ M)

Thermodynamic Data
AH3e = —362.1 kJ mol~?
AS39s = —107.6 J K~ 'mol ™!
K, = 4.610T ~%83exp( +43373/T) atm ™!

Rate Coefficient Data

k[cm*molecule ~'s 1] T[K] Reference Comments
Rate Coefficient Measurements
4.2:1071° = 1000 He et al. (1988) ' (a)

Comments

(a) Oblained solely by computer simulation of the system
phenol + H (see appropriate data sheet), based on
GC measurements of the two stable end products
isobutene and benzene.

No literature is found on the potential role of bi-
molecular channels. '

Preferred Values

In the absence of any other measurements the rate co-
efficient of He et al.is recommended.

References

Y. Z. He, W. G. Mallard, and W. Tsang, J. Phys. Chem. 92, 2196
(1988).

H+ CsHsOH - C5H50 + Hz (1)
— C¢He + OH (2)
Thermodynamic Data
AH395 (1) = —73.9 kJ mol ™! AH3y: (2) = 0.3kJ mol™!

AS39 (1) = 8.9 J K 'mol ™!
K,(1) = 1.1-10? T~°52 exp(+8693/T)

AS59: (2) = 23.5J K 'mol™!
K,(2) = 2.1110° T~11*2 exp(~262/T)

Rate Coefficient Data (k = ki + k2)

kfcm®molecule ~'s 1] T[K] Reference Comments
Rate Coefficient Measurements
k1 = 1.9-10=" exp(~ 6240/T) 1000-1150 He et al. (1988) (@
k2 = 37107 exp(—3990/T) 1000-1150 He et al. (1988) (a)

Comments

(a) Shock tube; 2.5-5 atm of Ar. H source is the decom-
position of CgH;s to H atoms and isobutene. Phenol
is in large excess over CgHyg and is thus the main H
sink. Benzene is produced via reaction (2) and mea-
sured by GC, together with isobutene yields. This es-
tablishes the branching ratio for reactions (1) and (2).
Absolute rate data are obtained by using CH,+ H as
an internal standard, i.e., by observing the change of
benzene yields under addition of several percent of

J. Phys. C*:m, Ref. Data, Vol. 21, No. 3, 1992

CH.,. Kinetic complications were investigated by vary-
ing the stoichiometry and by computer simulation.

Preferred Values

In the absence of any other study the expressions of
He et al .are preferred.

References

Y. Z.He, W. G. Mallard, and W. Tsang, J. Phys. Chem. 92, 2196 (1988).
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H+ CsHsCHz (+ M) d CsHscHa (+ M)

Thermodynamic Data
AH3es = —368.0 kJ mol—!
AS3s = —1109 J K™ 'mol ™!
K, = 1.81072 T-14 exp(+ 44028/T) atm~*

Rate Coefficient Data

k[cm’molecule ~'s ] TIK] Reference Comments
Rate Coefficient Measurements
1.3-1071%-1.3-10"° 1450-1900 Brouwer ef al. (1988)" (a)
551071 298 Bartels et al. (1989)* (b)
Comments Reliability

(a) The thermal decomposition of toluene has been rein-
vestigated in shock wave experiments. The absorp-
tion signals of toluene, benzyl, and assumed benzyl
fragments were monitored. The rate coefficient was
determined from modelling studies.

(b) The reaction of benzyl radicals with H and O atoms
were studied in a flow reactor at room temperature
and at pressures around 1 mbar. Molecular beam
sampling and mass spectrometric detection were ap-
plied. The rate for the recombination was measured
with reference to the reaction of methyl radicals with
deuterium atoms.

Preferred Values

k = 55107 cm® molecule ™

2000 K

s™! over the range 300-

Alog k = = (.2 at room temperature increasing to
+(0.7 at 2000 K

Comments on Preferred Values

The only direct measurements performed at room tem-
perature provide evidence for the recombination channel
1o toluene. Owing to the high exothermicity of this reac-
tion no barrier is expected to be involved, and the recom-
mendation has been extended to the range up to 2000 K.

References

'L. D. Brouwer, W. Mueller-Markgraf, and J. Troe, J. Phys. Chem. 92,
4905 (1988).

M. Bartels, J. Edelbuettel-Einhaus, and K. Hoyermann, 22nd Symp.
(Int.) Combust., 1041 (1989).
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H + CsHsCHs -—> Hg + CsHsCHz (1)

b Hz + C5H4CH3 (2)

hand CH3 + CGHs (3)

H + CeHsCHs (+ M) — Ce¢HsCHs (+ M)  (4)

Thermodynamic Data
AH3gs (1) = —68.0 kJ mol ™!
AS36 (1) = 12.3 JK~'mol !
K,(1) = 2.4 T°'™ exp(+8060/T)

AS3s (3) = —39.4 JK-'mol!
AH3g (3) = 28.9 kJ mol~*
K, (3) = 2.1110* T-0%% exp(+4400/T)

AH394 (2) = 37.5kJ mol !
AS30s (2) = 12.1 JK~mol !
K,(2) = 2.5 T*' exp(—4630/T)

Rate Coefficient Data (k = ki + k2 + ka + ki)

kl[cm® molecule~* s~1] TIK] Reference Comments
Rate Coefficient Measurements
ks = 3.3:10~2exp(—755/T) 633 Benson and Shaw (1967)! (a)
ks = 1.710713 298 Sauer and Ward (1967)* (b)
ky = 1.4-10~exp(—4630/T) 863-963 Mkryan et al. (1972)° ©
ky = 851071 303 Knutti and Buehler (1975)* (d)
ki = 8310~ Vexp(— 1864/T) 1500-1800 Astholz et al. (1981)° ()
ki = 1.31072 T55 exp(— 171/T) 600-1700 Rao and Skinner (1984)° H
ki = 5.410 %exp(—7548/T) 1600-2150 Pamidimukkala and Kern (1985)7 ®
k2 = 5.410~%exp(—9561/T) 1600-2150
ks = 2110 Zexp(—1862/T) 16002150
ki = 1.8107% T3%xp(—1183/T) 950-1100 Robaugh and Tsang (1986)* (h)
ks = 1.1107% T2%sxp(+377/T) 950-1100
ky = 7.3:1072* T*%xp(—1057/T) 1300-1800 Mizerka and Kiefer (1986)° @)
ks = 5010713 773 Baldwin et al. (1987)"° )]
9.7-10~13 773
ky = 4.2-107'° exp( - 8052/T) 1600-2100 Pamidimukkala ef al. (1987)*? (k)
ki = 8.3-1071° exp(—6290/T) 1380-1700 Braun-Unkhoff ez al. (1989)% )

Comments

(a) Static system. Detection by gas chromatography and
mass spectrometry. Rate expression for channel (3)
deduced by comparison with H addition to benzene.

(b) Pulsed radiolysis with product analysis by gas chro-
matography. Transient species were monitored as
function of time by absorption in the wavelength
range 260-340 um. A k-value for the overall reaction
(4) at room temperature was deduced.

(c) Evaluation of a k-expression for channel (1) from a
flow reactor study.

(d) Fast flow reactor with product analysis by mass spec-
trometry. H atoms produced in microwave discharge.
Rate expression evaluated for the overall reaction
(channel (4)).

(e) Shock tube study with toluene/Ar mixtures. Toluene
and benzyl were monitored as function of time by ab-
sorption in the 200-350 nm range. A rate expression
for channel (1) was derived on the assumption that
the benzyl radical exhibits sufficient thermal stability.

(f) Shock tube study with initial mixtures of toluene-dy/
Ar and neopentane/toluene-ds/Ar mixtures. D and H
atoms were monitored as function of time by ARAS.
Investigation covered a temperature range from
1200-1460 K for neopentane/toluene, and from

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

1410-1730 K for toluene experiments. Together with
unpublished results of Ravishankara and Nicovich a
non-Arrhenius expression for 7 = 600-1700 K was
deduced for channel (1).

(g) Shock tube study with mixtures of toluene and ethyl-
benzene, respectively. Products were monitored as
function of time by time-of-flight mass spectrometry.
The rate expression for formation of benzyl radicals
and hydrogen (channel (1)) is reevaluated from the
data of Ref. 6. Rate expressions for the formation of
methyl phenyl radicals and hydrogen (channel (2))
and of benzene and methyl radicals (channel (3)) are
deduced from experiments.

(h) Single pulse shock tube. The source of H atoms was
the thermal decay of small quantities of hexa-
methylethane. The k-values have been derived on the
basis of competive process H + CH; - CHs; + H,
with k = 2.2:107% T3%xp(—4045/T). Rate expres-
sions for the formation of benzene and methyl radi-
cals (channel (3)) and of benzyl radicals and
hydrogen (channel (1)) were obtained.

(i) Small amounts of toluene (0.05-0.5%) have been
added to slowly reacting mixtures of hydrogen and
oxygen at 773 K. Under the experimental conditions
the H, + O, system provides a reproducible source of
H, O, and OH radicals. The measurements of the rel-
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ative consumption of H; and of the additive permits
the evaluation of rate constants for the reaction of H,
O, and OH with toluene.

() Shock tube study on high temperature pyrolysis of
ethylbenzene with the laser schlieren technique. Rate
expression for channel (1).

(k) Two independent shock tube techniques (time-of-
flight mass spectrometry and laser schlieren densito-
metry) were used to investigate the high temperature
pyrolysis of toluene in mixtures with Kr and Ne, re-
spectively. A rate coefficient for the formation of
methyl phenyl (channel (2)) was obtained.

(1) Shock tube study with very low initial concentrations
of toluene in Ar. Hydrogen atom formation is moni-
tored by ARAS. The measured H profiles were sensi-
tive to k; in the later stage of observation time. A rate
coefficient for channel (1) was deduced which is
slightly smaller than the rate constant of Rao and
Skinner®.

Preferred Values
ki = 6.610°%2 T3* exp(—1570/T) cm® molecule™! s~*

over range 600-2800 K
ki = 1.221078 cm® molecule ™! s™' at 7 = 298 K

Reliability
Alog ky = = 0.5 at 2800 K reducing to =0.3 at 600 K
Alogks = = 0.2 at 298 K

Comments on Preferred Values

Most of the available measurements give evidence for
the product channel (1) leading to benzyl radicals and
molecular hydrogen. It has to be noted that only a few

experiments permit a discrimination between the chan-
nels at elevated temperatures. Therefore from the major-
ity of the data, the different product pathways have been
deduced not by direct measurement of product distribu-
tion and concentration but by modelling with the aid of
plausible reaction systems. By combining the few room
temperature data with the rate constant values at ele-
vated temperatures, it has to be assumed that a change in
the reaction mechanism occurs, possibly from channel (4)
at room temperature to channel (1) dominating at tem-
peratures above 1000 K. The data are insufficient to
permit a recommendation of a rate expression for the
overall H-consuming reaction over the whole tempera-
ture range. For the adddition reaction (4) it is only possi-
ble to evaluate a room temperature value.

References

S. W. Benson and R. Shaw, J. Phys. Chem. 47, 4052 (1967); S. W. Ben-
son and R. Shaw, J. Am. Chem. Soc. 89, 5351 (1967).
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Zh. 25, 893 (1972).
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*D. C. Astholz, J. Durant, and J. Troe, 18th Symp. (Int.) Combust., 885
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H + p-C¢H.:(CH;). (+ M) — products

Rate Coefficient Data

k[cm® molecule ! s~!] T[K] Reference Comments
Rate Coefficient Measurements
5.810-1 298 Sauer, Jr., and Mani (1970)! (a)
Comments Comments on Preferred Values

(a) Pulse-radiolysis study at pressures around 75 bar.
Analysis from transient spectra.

Preferred Values
k = 5.8107" cm® molecule™! s~! at 298 K

Reliability
Alogk = = 0.1

In the absence of other experimental data we recom-
mend the rate coefficient reported by Sauer, Jr., and
Mani',

Reference

M. C. Sauer, Jr., and 1. Mani, J. Phys. Chem. 74, 59 (1970).

H+ CsHsCsz —> CsH5C2H4 + Hz (1)
H + CesHsC:Hs (+ M) — C¢HeC:2Hs (+ M) (2)

Thermodynamic Data
AH3g (1) = —94.6 kJ mol !
AS3os (1) = 11.7 JK~'mol~*
K,(1) = 2.410' T=°' exp(+11180/T)

Rate Coefficient Data (k = ki + k)

k[cm® molccule ™! 5] T[K] Reference Comments
Rate Coefficient Measurements
33101 298 Sauer, Jr., and Mani (1970)! (a)
Comments Comments on Preferred Values

(a) Pulse-radiolysis study at pressures around 75 bar.
Analysis from transient spectra.

Preferred Values
k = 3.3107" cm® molecule ™! s™! at 298 K

Reliability
Alogk = = 0.1

In the absence of other experimental data we recom-
mend for the addition channel the rate coefficient k given
by Sauer, Jr., and Mani'.

Reference

M. C. Sauer, Jr., and I. Mani, J. Phys. Chem. 74, 59 (1970).

J. Phvs. Chem. Ref. Data. Vol. 21. No. 3. 1992
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BAULCH ET AL

H: (+ M) > H + H (+ M)

Thermodynamic Data
AH503 = 436 kJ mol~!
AS%0s = 98.6 J K" 'mol ™
K, = 31.3 T'2 exp(—52100/T) atm

Rate Coefficient Data

k[cm® molecule~! s7!] TIK] M Reference Comments
Rate Coefficient Measurements
161019 exp(—44740/T) 3500-8000 Ar Breshears and Bird (1973)! (a)
5.510~° exp(— 52990/T) 3500-8000 H,
Reviews and Evaluations
3.7-107° exp(—48350/T) 2500~5000 Ar Baulch et al. (1972)?
1.5:109 exp( — 48350/T) 2500-5000 H,
7.610735 T~ exp(—52525/T) 600-2000 N; Tsang and Hampson (1986)*

Comments
(a) Dissociation of H, in Ar behind incident shock waves.

Postshock density gradients measured by laser
schlieren technique.

Preferred Values

k = 3.7-107" exp(—48350/T) cm® molecule™! s™! over
range 2500-8000 K for M = Ar

k = 1.5-107° cxp(—48350/T) cm® moleccule™! s~! over
range 2500-8000 K for M = H;
Reliability

Alogk = = 03 forM = Ar
Alogk = = 05forM = H;

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Comments on Preferred Values

The value preferred by Baulch eral? has been
adopted. The arguments given there are accepted, and
the values measured after 1972 do not contradict this rec-
ommendation.

For clarity, rate data measured before 1972 are in-
cluded in the Arrhenius plot (see Baulch et al.? for Ref.).

References

W. D. Breshears and P. F. Bird, 14th Symp. (Int.) Combust., 211
(1973).

2D. L. Baulch, D. D. Drysdale, D. G. Horne, and A. C. Lloyd, “Evalu-
ated Kinetic Data for High Temperature Reactions”, Vol. 1: “Homo-
geneous Gas Phase Reactions of the H;-O.System”, London,
Butterworths (1972).

3W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1987
(1986).
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OH + H: - H + H0

Thermodynamic Data
AH3es = —62.9 kJ mol~!
AS3s = —10.9 JK " 'mol ™!
K, = 0.113 T%%3 exp(7680/T)

Rate Coefficient Data

k[cm?® molecule™! s~1] TIK] Reference Comments
Rate Coefficient Measurements
7.110-1 300 Stuhl and Niki (1972)! (a)
8.6:10~ ! exp(—3271/T) 1200-1800 Gardiner et al. (1973)? (b)
4,610~ 12 1050 Day, Thompson,
and Dixon-Lewis (1973) )
7.610-15 298 Westenberg and deHaas (1973)* (d)
1.8-10~14 352
33104 403
141071 518
3.7-10-1 628
6.610-12 745
1.810~ " exp(—2333/T) 210-460 Smith and Zellner (1974)° ©
8.610~!! exp(—3248/T) 1350-1600 Gardiner, Mallard, and Owen (1974)% ®
531071 300 Trainor and von Rosenberg (1975)" (g)
5.9-10~'2 exp( —2008/T) 297-434 Atkinson, Hansen, and Pitts (1975)% (h)
5.810-15 295 Overend et al. (1975)° 0]
1.210~"* exp(—2214/T) 600-1300 Vandooren, Peeters,
and van Tiggelen (1975)" 0]
8.5.10°1%5 296 Sworsky, Hochanadel,
and Ogren (1980)"! k)
4.1-107% T2%4 exp(—1281/T) 2501050 Tully et al. (1980,1981)!>13 0]
7.9-10~ ! exp(—3067/T) 1700-2500 Frank and Just (1985)! (m)
5810~ 295 Schmidt et al. (1985)5 (n)
1.05-10~1® exp(—4045/T) 1246-2297 Michael and Sutherland (1988)* (o)
Reviews and Evaluations
3.7-10~ Yexp(—2586/T) 300-2500 Baulch et al. (1972)"7
-5.3-10717 T'7 exp(—1528/T) Gardiner, Mallard, and Owen (1974)°
171071 T6 exp(—1660/T) 300-2000 Zellner (1979)8
1.8-107! exp(—2333/T) 210-300 Baulch et al. (1980)"
1.1:10~17 T29 exp(—1491/T) 240-2400 Cohen and Westberg (1983)%
1.7-10~'¢ T ¢ exp(—1660/T) 300-2500 Warnatz (1984)%
Comments (g) Flash photolysis of H,O/Hy/N; mixtures; [OH] by

(a) Pulsed VUV photolysis of H,O; [OH] by resonance
fluorescence. Total pressure 20 Torr He.

(b) Combustion of rich Ho/O»/Ar mixtures behind inci-
dent shock waves; [OH] by absorption spectroscopy,
[CO-] by emission at 4.2 pum, CO + O chemilumines-
cence. Numerical integration of 12 reaction mecha-
nism.

(c) Calculation of burning velocities and concentration
profiles in rich Hy/D,/O,/N; flames.

(d) Discharge-flow reactor; [OH] by ESR. Total pres-
sures 1-3 Torr.

(e) Flash photolysis of either H,O or N,O/H, mixtures;
time-resolved resonance absorption of OH. Total
pressures at least 10 Torr.

(f) Shock-initiated combustion of rich Hy/Ox/Ar mix-
tures; [OH] by resonance absorption. Numerical in-
tegration of 12 reaction mechanism; k adjusted to fit
the experimental OH concentration profiles.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

time-resolved resonance UV absorption spec-
troscopy. Total pressures near 100 Torr.

(h) Pulsed VUV photolysis of H.O; [OH] by resonance
fluorescence at 306.4 nm. Total pressures 15-25 Torr
Ar.

(i) Flash photolysis of H,O/H: of N>O/H; mixtures;
[OH] by time-resolved resonance absorption. Total
pressures 40-760 Torr.

(5) Lean CO/H2/O; flames on a flat burner; molecular
beam sampling coupled with mass spectrometry. To-
tal pressure 40 Torr. k determined from mole flux of
H,O0.

(k) Flash photolysis of H,O/CH, mixtures with and with-
out H; or N; at atmospheric pressures; [CHs] by ab-
sorption at 216 nm. Numerical integration of 11
reaction mechanism.

(1) Flash photolysis of H;O/H,/Ar mixtures; [OH] by res-
onance fluorescence.



EVALUATED KINETIC DATA FOR COMBUSTION MODELLING 553

(m) Shock heating of N,O/H»/OAr mixtures; [H] and
[O] by time-resolved atomic resonance absorption.
Total densities (6:107°~1.3-10~%) mol cm ™. Numeri-
cal integration of 10 reaction mechanism.

(n) Excimer laser photolysis of H;O; or HNO; in syn-
thetic air at a total pressure of 1 atm; {OH] by laser
induced fluorescence near 300 nm.

(o) Flash photolysis — shock tube study of k_;; [H] by
atomic resonance absorption. k calculated from equi-
librium data.

Preferred Values

k = 17107 T exp(—1660/T) cm® molecule™' s~!
over range 300-2500 K

Reliability
Alog k = *= 0.3 at 2500 K reducing to = 0.1 below
1000 K

Comments on Preferred Values

The rate coefficient recommended by Zellner® is
adopted, which represents the ample experimental mate-
rial very well.
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OH + OH —» O + H.0

Thermodynamic Data
AH3y = —70.6 kJ mol~!
AS%s = —17.5 JK 'mol~?
K, = 624102 T exp( +8600/T)

Rate Coefficient Data

k[cm?® molecule™! s~=1] T{K] Reference Comments
Rate Coefficient Measurements
9.1-10~" exp(—3523/T) 1500-2000 Gardiner et al. (1973)! (a)
2210712 298 McKenzie, Mulcahy,and Steven (1973)* (b)
2310712 298 Westenberg and deHaas (1973)° ©
1.4-10-12 300 Clyne and Down (1974)* @
2.110712 298 Trainor and von Rosenberg (1974)° (e)
5.610~ ! exp(—2526/T) 11R0-1R820 Ernst, Wagner, and Zellner (1977)% [¢3)
and Zellner (1979)7
3.2107 2 exp(~277/T) 250-380 Zellner and Wagner (1980)* 3)
3.210" " exp(—242/T) 250-580 Wagner and Zellner (1981)° ®)
Keviews and Evaluations
1.0:10~" exp(—553/T) 300-2000 Baulch et al. (1972)™

1.810-12 298

2.5:107% 114 300-~2000
9.110 ** exp(1.4910°° T} 250-2000
2.510- 15 114 300-2500
3.510716 T14 exp( +200/7) 3002000

Baulch et al. (1980)*!

Ernst, Wagner, and Zellner (1977)%
Wagner and Zeliner (1981)°
Warnatz (1984)"2

Tsang and Hampson (1986)"

Comments

(a) Combustion of lean H/O,/Ar mixtures behind inci-

dent shock waves; [OH] by absorption spectroscopy,
{CO,] by IR emission, chemiluminescence from
CO + O reaction. Numerical integration of 12 reac-
tion mechanism.

(b) Discharge-flow system; OH from H + NO; reaction;
[OH] monitored by ESR. Total pressure 1 Torr He or
Ar.

(c) Discharge-flow system; OH radicals from H + NO,
reaction; [OH] monitored by ESR. Total pressures
= 1 -3 Torr He.

(d) Discharge-flow system; OH radicals from H + NO,
reaction; [OH] by resonance fluorescence. Total
pressure = 120 nm~2

(e) Flash photolysis of water vapor; [OH] by time-re-
solved absorption spectroscopy at 308 nm. Total
pressures 0 — 400 Torr Na.

(f) Thermal decomposition of HNO; in Ar behind re-
flected shock waves; time-resolved resonance absorp-
tion of OH at 308 nm. From transition-state theory
(BEBO): k = 1.1-107" T'® c¢m® molecule ™! 571,

(g) Flash photolysis of H,O/N; mixtures; [OH] by time-
resolved resonance absorption. Total pressures be-
low 80 Torr.

Preferred Values

k = 25107" T exp(—50/T) cm® molecule ™! s! over
range 250-2500 K

Reliability
Alog k = =* 0.2 over total range

Comments on Preferred Values

The rate coefficient preferred by Ernst, Wagner, and Zellner® is
taken as the recommendation due to the fact that it is based on exper-
imental work over a large temperature range and careful evaluation of
literature data.

For clarity, rate data measured before 1972 are included in the
Arrhenius plot (see Baulch ez al.! for reference).
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OH + OH (+ M) — H.0. (+ M)

Thermodynamic Data
AH3s = —214 kJ mol~!
AS3s = —134 JK~'mol ™!
K, = 2.2610~8 T°%! exp(+26000/T) atm~*

Rate Coefficient Data

k[cm® molecule™! s™1] T[K] [M] [molecule cm 7] Reference Comments
Rate Coefficient Measurements
Low Pressure Range
[N:] 9.1-10~3! 253 (0.06-2.7)-10" Zellner et al. (1988)! (a)
[N.] 69103 298
[N.] 6.2:10-3 353
[H:0] 4.0-10-% 298
[H.0] 4.1:1073¢ 353
Intermediate Fall-off Range
5.610-12 253 3.1:10" (Np) Zellner et al. (1988)! (b)
5.9-10-12 298 2.910"
3410712 353 1.4-10"
Reviews and Evaluations
ko = [N2] 1.610~2 T3 500-2500 Tsang and Hampson (1986)2 ©
ko = [N2] 8.010-3 (T/300)~°7 250-1400 Brouwer et al. (1987)° (d)
ko = 1.5:10-1 (T/300)°% 200-1500
F.(N;) = 05 200-1500

Comments

(a) Flash photolysis of H,O vapour in N,. Detection of
OH by laser induced fluorescence. Discussion of ear-
lier more scattered data.

(b) As comment (a). Extrapolation to k= = 1.5-10™" cm’
molecule™! s™! using F. = 0.6.

(c) Based on results of the reverse dissociation of H,O:
and RRKM calculations.

(d) Theoretical construction of fall-off curves for the for-
ward and reverse reaction based on the experimental
results from Ref. 1 and consistent with non-thermal
H;0, dissociation lifetime measurements.

Preferred Values

ko = [N2] 8.0-10°* (7/300)™"™ cm' molecule™" s~'
over range 250-1400 K
ko = [H;0] 4.0-10~* cm® molecule™! s~ over range
300400 K
ke = 1.5107" (7/300)°* cm® molecule™" s~' over
range 200-1500 K

F. = 0.5 for M = N, over range 200-1500 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Reliability
Alog ko = = 0.4 over range 250-1400 K for M = N,
Alog k= = % 0.5 over range 200-1500 K
AF. = = 0.2 over range 200-1500 K

Comments on Preferred Values

The preferred values are from the analysis in Ref. 3 of
theoretical modelling and experimental results from
Ref. 1. Since the earlier experimental data scatter consid-
erably, new experiments are required before safe recom-
mendations can be made.
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OH + HO; — H:0 + O:

Thermodynamic Data
AH39s = —291 kJ mol~*
AS%: = —18.8 JK™*mol~!
K, = 0.517 T~ exp(35000/T)

Rate Coefficient Data

k[cm® molecule ! s~1] TIK] Reference Comments

Rate Coefficient Measurements
= 10~1-10"12 1400 Troe (1969)" (a)
201071 2130 Friswell and Sutton (1972)* (b)
2.0-10-10 298 Hochanadel, Ghormley, and Ogren (1972)° (©)
6.610-12 1050 Day, Thompson, and Dixon-Lewis (1973)* (d)
8310~ 1400-1800 Peeters and Mahnen (1973)° (e
161071 298 DeMore and Tschuikow-Roux (1974)% i (f)
< 3.010" 298 Hack, Hoyermann, and Wagner (1975)’ @®
1.410~1 900-1100 Dixon-Lewis and Rhodes (1975)* (h)
5.1:10-1 293 Burrows, Harris, and Thrush (1977)° @)
2.2:10°1 293 Hack, Preuss, and Wagner (1978)'° ()]
(2.0-3.0y10"1 295 Chang and Kaufman (1978)" (k)
(1.2-1.3)10-%° 230-334 DeMore (1979)2 )
1.010°% 298 Burrows et al. (1979)" (m)
1.0-10~% 308 Lii etal. (1980)* (n)
1.2110-1° 296 Hochanadel, Sworski, and Ogren (1980)% (o)
9.910~1 308 Cox, Burrows, and Wallington (1981)'¢ (»)
6.2:10~1 288-348 Burrows, Cox, and Derwent (1981)"" (q
7.5-10-1 298 Sridharan, Qiu, and Kaufman (1981)"® : )
5.810~1 298 Thrush and Wilkinson (1981)* (s)
6.4-10~1 299 Keyser (1981)% )
=~ 1.1.10~10 298 Braun, Hofzumahaus, and Stuhl (1982)% (u)
121071 298 DeMore (1982)% v)
6.610~1 296 Temps and Wagner (1982)% (w)
5.2.10~1 298 Rozenshtein et al. (1984,85)4% (x)
1.7-10~ " exp(+416/T) 252-420 Sridharan, Qiu, and Kaufman (1984)% )
4.810~ " exp(+250/T) Keyser (1988)7 @)

Reviews and Evaluations
3510~ 298 Baulch ef al. (1980)2
33104 300-2000 Warnatz (1984)*
2310"* T 300-1400 Tsang and Hampson (1986)*

Comments [Os] monitored by absorption at 253.7 nm. Relative

(a) Thermal decomposition of H;O; in Ar behind re-
flected shock waves. [H.0O.] by UV absorption at 290
nm. Total densities 107> ~2-107* mol cm™ Ar.

(b) Flat premixed lean Hy/O4/N; flames; [H] measured by
Li/LiOH method. k derived under the assumption of
partial equilibrium for H + Oz and OH + OH reac-
tions.

(c) Flash photolysis of water vapour at atmospheric pres-
sure. [OH] and [HO;] monitored by absorption mea-
surements. Rate parameter adjusted by numerical
simulation of a reaction mechanism.

(d) Computer simulation of burning velocities of rich Hy/
O2/N; flames. No great accuracy.

(e) Lean and stoichiometric CH,/O; flat flames at 40
Torr; molecular beam sampling and mass spectro-
metric analysis.

(f) Photolysis of O/H,O mixtures at 184.9 nm until a
steady-state was reached. Total pressure 700 Torr.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

measurements with O/H,O and OyH;O/CO mix-
tures. Given value for k based on k(OH + O) =
6:10™"* cm® molecule™ s~! and k(HO;, + HO,) =
3.6-10 " cm’® molecule ' s,

(g) Discharge-flow reactor; [OH] by electron spin reso-
nance. Total pressures around 2 Torr He. Computer
modelling of the reaction system.

(h) Flat flame study; evaluation of existing experimental
data.

(i) Fast-flow study of OH + H:0; or H + H:O; reaction
at a few Torr. [OH] and [HO;] monitored by laser
magnetic resonance

(j) Discharge-flow reactor. [OH] and [HO;] monitored
by laser magnetic resonance. Total pressures around
250 Pa He. Original value 3.0-107*! cm® molecule ™
s™}, corrected by Keyser” due to a new value for
k(OH + H202)3l'32.

(k) Discharge-flow reactor. Total pressures 2.1-3.7 Torr.
[OH] by resonance fluorescence at 309 nm, [Os] by
absorption at 253.7 nm. Given range of k derived by
computer modelling of a 12 reaction mechanism.
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(1) As in (f), but smaller reaction cell and absorption
spectrum scanned over the range 180-200 nm to
monitor also H0..

(m) Discharge-flow system [OH] and [HO:] monitored by
laser magnetic resonance. Total pressure 2 Torr.
Original value 5.1-10"! cm® molecule "' s 7%, corrected
by Keyser® due to a new value for k(OH + H,0,)*"*%
Result based on ¥x(OH + H,0;) = 810" cm?
molecule™ s72,

(n) Pulse-irradiation of H,O/O«/Ar mixtures. Total pres-
sures up to 1200 Torr. Absorption measurements of
HO:; (230 nm) and OH (308.7 nm). Computer mod-
elling of a 14 reaction mechanism and parameter fit-
ting to experimental concentrations.

(0) Flash photolysis of H2O in a HoO/O»/He system at at-
mospheric pressure. [HO,] monitored by absorption
at 220 nm. Computer modelling of a 21 reaction
mechanism.

(p) Low-frequency square-wave modulated photolysis of
03/H,O mixtures monitoring the steady-state absorp-
tion of HO; at 210 nm. Total pressure 1 atm. Exper-
imental upper limit for k adjusted to a lower value by
computer modelling of a 17 reaction mechanism.

(q) Modulated photolysis of Os / HXO / Oz / Nz or Os /
H:O / O, / He mixtures at atmospheric pressure.
[HO:] monitored by absorption at 210 nm, [OH] by
resonance absorption at 308.2 nm. Modelling of a 15
reaction mechanism. The time dependence of [HO;]
could not be accurately described throughout a pho-
tolysis cycle by a single value of k.

(r) Discharge-flow system. [OH] by laser-induced fluo-
rescence, [H] and [O] by VUV resonance fluores-
cence; [HO,] measured by rapid conversion to OH
with excess NO. Total pressure near 3 Torr.

(s) Discharge-flow tube. [OH] and [HO:] by laser mag-
netic resonance. Given value of & based on k(HO: +
HO;) = 1.6:107'2 cm® molecule~! s 1.

(t) Discharge-flow system. [OH], [O], and [H] monitored
by resonance fluorescence. Total pressure 1 Torr.
Computer simulation of 9 reaction mechanism.

(u) VUV flash photolysis of small amounts of H.O di-
luted in N; at atmospheric pressure under slow-flow
conditions. [OH] by resonance absorption at 308.2
nm. Computer simulation of a 16 reaction mecha-
nism.

(v) Photolysis of H;O at 184.9 nm in He or Ar diluent
with trace amounts of O,. Total pressures 75-730
Torr. Steady-state concentration of OH monitored by
laser induced fluorescence. Computer simulation of a
7 reaction mechanism with a given value of k for at-
mospheric pressure. The authors observed a decline
of k at lower pressures and support the hypothesis of
a pressure-dependent radical — radical association in
addition to the abstraction path of the reaction.

(w) Discharge-flow reactor. Total pressures 2.13 - 6.34
mbar He. [OH], [HO:], and [O] by laser magnetic res-
onance. Computer simulation of a 15 reaction mech-
anism. The results of Hack ef al.!° are shown to be too
low because of leaks in their apparatus; the former

measurements were reproduced and the results were
now consistent with new data.

(x) Discharge-flow system. Total pressures 8-10 Torr
He. [OH] by electron paramagnetic resonance, [HO;]
by laser magnetic resonance.

(y) Discharge-flow tube. [OH] monitored by laser in-
duced fluorescence, [HO:] by rapid conversion to OH
with excess NO. The authors suggest the formation of
a bound H,0s complex as pressure-dependent reac-
tion component.

(z) Discharge-flow system; [OH] by resonance fluores-
cence, [HO:] by converting to OH with an excess of
NO. NO; used to remove O and H atoms. Total pres-
sure 1 Torr. The author concludes little or no pres-
sure dependence of k over the range 1-1000 Torr
because of the good agreement with measurements at
1 atm.

Preferred Values

k = 48107" exp(+250/T) cm® molecule™ s™! over
range 300-2000 K

Reliability
Alog k = = 0.2 at 300 K rising to = 0.5 at 2000 K.

Comments on Preferred Values

The value of Keyser” is adopted as it is one of the few
temperature dependent values and consistent with most
of the low temperature material.
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Burrows et ol 1977

Hack et o 1978

Chang and Kaufman 1978
DeMore 1979

Burrows et ol 1979

Lii et ol 1980

Hochanadel et ol 1980

Cox et of 1981

Burrows et al 1981

Kurylo et ol 1981

Sridharon et al 1981

Thrush ond Wilkinson 1981
Keyser 1981

Braun et ol 1982

Demore et of 1982

Temps and Wagner 1982

Rozenshtein et of 1985

Sridharan et ol 1984
Keyser 1988
Goodings and Hayhurst 1988

This Recommendation 1989

1 1 | |

0.5 1.0 1.5 2.0

2.5 3.0 3.5 4.0
10°77t /K!

4.5
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OH + H.0, — HO, + H.O

Thermodynamic Data
AH3g = —134 kJ mol ™!
AS3 = 1.23 JK 'mol !
K, = 63.7 T~ exp(16000 / T)

Rate Coefficient Data

k[cm® molecule ™! s™1] TIK] Reference Comments
Rate Coefficient Measurements
4110712 T°5 exp(—604/T) 300-458 Greiner (1968) (a)
1.2:10%2 298 Gorse and Volman (1972)? (b)
8.0:10~12 exp( - 670/T) 298-670 Hack et al. (1974)° ©
6.810-1 298 Harris and Pitts (1979)* d)
2510712 exp(—126/T) 245-423 Keyser (1980)° (e)
3.010~12 exp(— 164/T) 250-459 Sridharan et al. (1980)° ®
1.6-10~12 205 Nelson et al. (1981)7 (€3]
3.7-107 2 exp(—260/T) 273-410 Wine et al. (1981)* (h)
1.710-12 296 Temps and Wagner (1982)° @)
1.210-12 298 Marinelli and Johnston (1982)' ()]
2.010-12 exp(— 158/T) 250-370 Kurylo ef al. (1982)1 ®
7.010-% T25 exp(+838/T) 241-413 Lamb er al. (1983)2 o
Reviews and Evaluations
1.7:10- 1 exp(—907/T) 300-800 Baulch et al. (1972)13
7.610~12 exp(—674/T) 200-700 Baulch et al. (1980)"
1,210~ exp(—-722/T) 300-1000 Warnatz (1984)"
2.810~12 exp(—156/T) 300-2500 Tsang and Hampson (1986)'¢
Comments (h) Pulsed laser photolysis of H,O, at 266 nm. [OH] mon-

(a) Flash photolysis of HO,; [OH] by absorption at 306.4
nm. Total pressure 100 Torr Ar.

(b) Photolysis of H.O: at 254 nm in the presence of CO
and O; mass spectrometric analysis. Total pressures
1040 Torr. k/k(OH + CO) = 8.13; given value of k
based on £(OH + CO) = 1.5-107" cm® molecule™
s

(c) Isothermal flow reactor; microwave discharge of Hy/
He; OH produced by H + NO, reaction. [H] and
[OH] monitored by ESR. k probably underestimated;
OH is more rapidly regenerated by HO; + NO —
OH + NO?.

(d) VUV flash photolysis of mixtures of H,0; and H;O; .

[OH] monitored by resonance fluorescence near 306
nm. Result is too low due to the formation of H by
H,O; photolysis and the fast back reaction H + HO,
— 2 OH®.

(e) Flow tube; microwave discharge of HyHe and H +
NO; reaction; [OH] by resonance fluorescence near
308 nm. No pressure dependence between 1 and 4
Torr.

(f) Flow tube; microwave discharge of H, or F»/He mix-
tures. [OH] monitored by laser induced fluorescence
at 308.6 nm, [H] and [O] by resonance fluorescence
at 121.6 nm or 130.2 nm, [H,0,] by absorption mea-
surements at 213.9 nm.

(g) Laser flash photolysis of HNO; at 249 nm under slow
flow conditions. [OH] monitored by resonance fluo-
rescence, [H,O;] by absorption at 200 nm. Total pres-
sure 10 Torr Ar.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

itored by resonance fluorescence, [H20;] by absorp-
tion at 228.8 nm. Total pressure 100 Torr He or 40
Torr SFs.

(i) Isothermal flow reactor; microwave discharge of Fa/
He. [OH] and [HO;] by laser magnetic resonance.
Total pressures 2-6 mbar He.

(j) Laser flash photolysis of H;O, at 248 nm. [OH] by
resonance fluorescence, [H:O:] by absorption at 200
nm. Total pressure 10 Torr Ar.

(k) Flash photolysis of H,O/H;O/Ar mixtures over a
wide pressure range. [H2O,] by absorption at 213.9
nm, [OH] by resonance fluorescence.

(1) Flash photolysis of H:0,. [OH] by resonance fluores-
cence near 308 nm, [H,O:] by absorption measure-
ments in the 205-220 nm range and by Fourier
transform infrared spectroscopy. Total pressure 760
Torr He.

Preferred Values

k = 13107" exp (—670/T) cm® molecule™ s~ over
range 300-1000 K

Reliability
Alog k = = 0.2 over total range.

Comments on. Preferred Values

The preferred value is based on the activation energy
recommended by Baulch ez al."; the preexponential fac-
tor has been increased to represent new experimental
data.
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For clarity, rate data measured before 1972 are in-
cluded in the Arrhenius plot (see Baulch et al.” for refer-
ence).
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OH + H:0; — HO: + H:0

T/K
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T T I T T
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Hack et of 1974
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Wine et of 1981
Sridharon et ol 1981
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OH + NH — NO + H. ™)
— N + H.0 @)

Thermodynamic Data (See Comments on Preferred Values)

AH3y (2) = —164 kJ mol-!

Asgyg (2) = ~228 JK™!'mol~?

K,(2) =5.61-1072T -8 exp(+19890/T)

AH3gs (1) = —305 kJ mol™!
AS%s (1) = —23.5J K~ 'mol~?
K1) = 1.52:10727 2193 exp( + 36800/T)

Rate Coefficient Data (k = ki+ k)

k[cm?® molecule~'s~1] T[K] Reference Comments
Rate Coefficient Measurements
8.3-101 300 Hack and Kurzke (1985)! (a)
Comments Comments on Preferred Values

(a) Discharge-flow system; NH, generated by the se-
quence F + NH; — HF + NH,, O: added down-
stream. [NH;], [NH], [OH] monitored by laser
induced fluorescence. Measured concentration pro-
filcs simulated.

Preferred Values

k = 8.0-10~"cm?® molecule " 's™!over range 300-1000 K
g

Reliability
Alog k= =+ 0.5 over range 300-1000 K

The only measurement is indirect and although we ac-
cept it as our recommended value we assign large error
limit. The reaction is likely to have a low activation en-
ergy and at high temperatures (2000 K) the rate constant
is likely to be no more than an order of magnitude larger.
Howcver, the branching ratio may vary considcrably with
temperature. The thermodynamic data should be used
with caution. There are significant uncertainties associ-
ated with the data on NH.

Reference

'W. Hack and H. Kurzke, Ber. Bunsenges. Phys. Chem. 89, 86 (1985).

OH + NH. > O + NH, )
>HO +NH (2)

Thermodynamic Data (See Cornents on Preferred Values)

AH39 (2)
AS3e: (2)
K,(2) = 0.591 T~9%7 exp(+13800/T)

AH395 (1) = —26.1 kJ mol ™!
AS50s (1) = —24.6 J K™ 'mol ™!
K,(1) = 2.09-10~3 TS exp(+3420/T)

—115 kJ mol !
—8.3 JK~'mol~!

Rate Coefficient Data

k[cm?® molecule ™! s~1] T[K] Reference Comments
Reviews and Evaluations
ki = 1-107*3 exp(—2500/T) 300-1000 Baulch er al. (1973)! (a)
ko= 110" 300-1000 Hampson (1980)? (b)
- CODATA (1982)° ©

Comments

(a) Calculated from k-; and a value for the equilibrium
constant now known to be incorrect.

(b) Calculated from Baulch et al.’s k_; and revised equi-
librium data.

(c) Review of low temperature data; no recommenda-
tion.

Preferred Values

ki = 33107 T°* exp(—250/T) cm® molecule™* s7*
over range 500-2500 K

Reliability
Alog ky = = 0.5 over range 500-2500 K

Comments on Preferred Values
There are no experimental data for k or the branching
ratio.
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566 BAULCH ET AL

However, the reverse of reaction (1) has been exten-
sively studied. We have' evaluated the available data
(Refs. 4-18) and obtain k-, = 1.6:10™" exp(—3670/T)
cm® molecule™’s™' over the range 500-2500 K.
Combining this with the thermodynamic data gives the
recommended value for k;. There is no information on
the relative importance of the two possible channels.
There are significant uncertainties associated with the
thermodynamic data on NH.
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OH + CO—-H + CO:

Thermodynamic Data
AH3y = —104 kJ mol™?
AS%s = —52.8 JK " 'mol !
K, = 4.2410-7 T8 exp( 13000/T)

Rate Coefficient Data

k[cm® molecule~! s='] T[K] Reference Comments

Rate Coefficient Measurements
2.7-10-13 296 Cox, Derwent, and Holt (1976)" (a)
1.5-10-13 299 Atkinson, Perry, and Pitts (1976,1977)>3 (b)
3.010-3 298 Chan et al. (1977)* ©
1610~ 773 Atri etal. (1977)° ()
2.0.10-13 296 Overend and Paraskevopoulos (1977)¢ (e)
2710713 304 Butler, Solomon, and Snelson (1978)7 )
= 1.5-107% 300 Biermann, Zetzsch, and Stuhl (1978)" )
2.2:10~13 exp(—88/T) 293-430 Clyne and Holt (1979)° (h)
1.510-1 300 Husain, Plane, and Slater (1981)'° @
9.1-10~ ¢ exp{(1.22:1073 T)} 250-1040 Ravishankara and Thompson (1983)" k ()]
2.11107% 298 Paraskevopoulos and Irwin (1984)*? (k)
15101 298 DeMore (1984)" v )
23101 298 Hofzumahaus and Stuhl (1984)¢ (m)
2410-8 299 Niki et al. (1984)' (n)
L5107 298 Smith and Williams (1985)* ©)

Reviews and Evaluations

2.510~Y T'3 exp(+385/T) 250-2000
7310718 T exp(+373/T) 300-2000
1.210-13 exp(9.2:10~* T) 300-2000
1510-13 200-300

1.21073 exp(9.2:10~* T) 300-2500

Baulch er al. (1976)"
Warnatz (1979,84)'%

Zeliner (1979)"

Baulch e al. (1980)*

Tsang and Hampson (1986)*
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Comments

(a) Flow tube: photolysis of gaseous nitrous acid
(HONO) at atmospheric pressure. [HONO], [NOJ],
and [NO,] by the ozone-NO chemiluminescence
technique. k measured relative to
k(OH + HONO) — H;O + NO; and based on
k(OH + H, - H,O + H) = 7010™" cm®
molecule~'s72,

(b) Pulsed vacuum ultraviolet photolysis of H;,O (A >
105 nm); slow flow conditions. [OH] by time-resolved
resonance fluorescence at 306.4 nm. No effect of to-
tal pressure in the range 25-654 Torr Ar; when SFs is
used as diluent gas, k rises from 1.5107" cm’
molecule™? s™' at 25 Torr to 3.4107® cm’
molecule~'s~! at 604 Torr.

(c) Photolysis of dilute mixtures of HONO, CO, i-C;H,,
and NOx in synthetic air; Fourier transform infrared
spectroscupy. & measured relative 1o AK(OH  +
i—CsHyp). Given value of k for p = 700 Torr, reducing
to 1.410™" c¢m® molecule™'s™! at 100 Torr.

(d) Small amounts of CO added to slowly reacting
H/Oo/N, mixtures; relative H,O and CO; yields by
gas chromatography. Numerical integration of 19 re-
action mechanism.
k(CO + OH)/k(OH + H:) = 0.235; based on
k(OH + H;) = 6.810~" cm® molecule™! s~!, Total
pressure 500 Torr.

(e) VUV photolysis (A < 160 nm) of H;O in the pres-
ence of CO; [OH] by time-resolved resonance
absorption. Given value of k forp = 50 Torr He. k =
3.2107" cm® molecule~’s ™! for 200 and 350 Torr SFs.

(f) Photolysis of H;O; in Oo/N/CO or OyNo/CO/i-bu-
tane mixtures; [CO] by gas chromatography. Rate of
Ref. reaction k(OH + i-CiHy) = 1.6107* cm’
molecule~! s~* at 100 Torr based on a low pres-
sure value of k(CO + OH) = 151078 cm’
molecule™'s™! and assumed to be pressure-indepen-
dent. Given value of k is the high-pressure limit for p
= 300 Torr; depends also on the rate of the H,0, +
OH reaction (set to 8.0-10" cm® molecule ™! s71).

(g) Pulsed VUV photolysis of H,O in the presence of CO
and N or He; [OH] by time-resolved resonance ab-
sorption near 308 nm. Total pressures 25-750 Torr.
No pressure effect of N; at pressures below 1 atm,
bui a sitong increasing cffcci of O ai high N pres-
sures; at high O, concentrations constant value of k;
at 0.28 Torr O; linear dependence of k on N, pres-
sure. Observations explained by a complex reaction
mechanism involving formation of an excited HOCO
adduct decomposing to H + CO; or reacting after
stabilization with O, to give HO, + CO,. The authors
recommend a linear extrapolation from 1.4-10~%
cm® molecule™’s™! near 0 Torr to 2.8:10"® cm’®
molecule™ s~ at 760 Torr.

(h) Flow system; microwave discharge of Hz, OH from
H + NO;; [OH] by resonance fluorescence near 307
nm. Total pressure 200-260 Pa.

(i) VUV photolysis of water vapour (A > 105 nm); [OH]
by time-resolved resonance fluorescence at 307 nm.
Slow flow conditions: total pressure 3.2 kPa He.

() Flash photolysis of H;O (A > 165 nm); [OH] by time-
resolved resonance fluorescence. Slow flow condi-
tions; total pressure 100 Torr Ar.

(k) VUV flash photolysis of H;O; [OH] by time-resolved
resonance absorption at 308.2 nm. Given value of k
for p = 600 Torr N3, reducing to k = 1.4-10~ % cm®
molecule ! s~! at 20 Torr. Addition of small amounts
of O; (0.1-0.2 Torr) resulted in non-exponential and
slower decays of [OH]. Relative efficiencies in the
deactivation of HOHO": H;0 : SF¢: CFs: N;: He =
1.0:05:03:0.1:0.02.

() Photolysis of H,O/CO mixtures at 184.9 nm: [OH] by
laser-induced fluorescence near 309 nm. Slow flow
conditions. k given for total pressures of 200-730
Torr Ar; similar result at 200 Torr N,. With SF; as
diluent k increases reaching a factor of 2 at 730 Torr
SFs. Within the experimental accuracies no depen-
dence on Ar pressure, for N2 enhancement of 30-
50%; results according to the normal third-body
efficiencies of these gases. No influence of added O,
on the pressure enhancement. Recommendation for
pressure dependence: k = 1.5-107% (1+0.4 p[atm])
cm® molecule™ s7%,

~ (m) VUV photolysis of H:O in the presence of Nz; [OH]

by resonance absorption. Total pressure 980-1000
mbar. Reinterpretation of the data of Bicrmann, Zct-
zsch, and Stuhl®; effects of O, addition explained by
radical - radical reactions not considered there.

(n) Photolysis of mixtures containing RONO (R = CH,
G:Hs), NO, isotopic CO, and C;H,; Fourier trans-
form infrared spectroscopy. Total pressure 700 Torr
purified air. kx(OH + C;H.)/k(OH + CO) = 35.95
and 36.30 for “C“O and ™C"0O, respectively.
k(OH + CO) based on k(OH + CHi) = 851071
cm® molecule™! 571,

(o) Pulsed photolysis of H,O or HNO; (A > 185 nm);
[OH] by laser induced fluorescence. Total pressure
18 Torr Ar.

Preferred Values

17 1 JONN

k = 1.05-10 ¥ T**% exp(+ 250/T ) cm® molecule
range 300-2000 K

ts fover

Reliability
Alog k = = (.2 at 300 K rising to = 0.5 at 2000 K

Comments on Preferred Values

The large scatter of the high temperature measure-
ments does not allow exact assignment of a rate coeffi-
cient. Thus, a relatively high value has been chosen
compatible with flame simulations which are very sensi-
tive to the rate of this reaction®.
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OH + CO - H + CO;
T/K
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-95 1 T 1 T T

EXPERIMENTAL  DATA

Cox et of 1976
Atkinson et of 1976
Atri et ol 1977
Overend ond Paraskevopoulos 1977
Butler et ol 1978
Biermonn et ol 1978
Clyne and Hoit 1979
Huadgin et o 1981
Ravishankara and Thompson 1983
Paraskevopolous and Irwin 1984
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Niki et al 1904
Smith ond Willioms 1985
Chon et of 1977
Brabbs et ol 1971
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----- e e e Gaorginer et ol 1973
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Heward and Cvenaon 1974
Trdinor and Von Roscnberg 1975
Vondooren et of 1975
Hynes et ol 1986
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OH + CH; — CH;OH 1)
—>H + CH.OH (2)
—>H+CHO (3)
—>H,0 +'CH. (4)

Thermodynamic Data
AH3s (1) = —386 kJ mol !
ASSs (1) = —138 JK~'mol-!
K,(1) = 1.2610~5 T=°%9 exp(+46700/T)

AHg (3) = 49.6 kJ mol !
AS%s (3) = —34.6 JK 'mol ™!
K,(3) = 373105 T*7 exp(~ S470/T)

AH3y (2) = 16.1 kJ mol ™!
ASSs (2) = ~16.7 JK-'mol~!
K,(2) = 1.50-10* T°*™ exp(—1570/T)

AH3y (4) = —1.8 kJ mol !
AS3 (4) = —0.21 JK~'mol™!
K,(4) = 26.7 T~ exp(+ 46.7 /T)

Rate Coefficient Data (k = ki + k2 + ks + ka)

k[cm® molecule~! s™!] T[K] Reference Comments
Rate Coefficient Measurements

ks = 3.3107® exp(—13800/T) 1700-2300 Bhaskaran, Frank, and Just (1979)! (a)

9.310°H4 296 Sworski, Hochanadel, and

Ogren (1980)? (b)

ks = 1.5:10~? exp(—7800/T) 1850-2500 Roth and Just (1984)* ©
Reviews and Evaluations

ky + k; = 91074 300-2500 Tsang and Hampson (1986)* (d)

Comments

(a) Shock-tube decomposition of C;He/O, mixtures with -

direct detection of H and O by atomic resonance
absorption spectrometry. k; derived from a computer
simulation of the experimental [H] and [O] profiles.
It was suggested that channel (3) proceeds via the
sequence OH + CH; - H + CH;0 and CH;0 —
CH;O + H, i.e. overall reaction OH + CH; —
2 H + CH;O.

(b) Flash photolysis of H>O in presence of CH, and N; or
H.. [CH3] monitored by absorption at 216 nm. Rate
coefficient obtained from a computer simulation of
[CH3] profiles, based on a mechanism of 11 elemen-
tary reactions.

(c) Similar study to that of Bhaskaran et al.! (see com-
ment (a)) with CH,/O, mixtures.

(d) The reaction channcls (1), (2), and (3) were assumcd
and it was suggested that (2) would be more likely
than (3) on thermochemical grounds. Hence k; + k;
is an estimated high-pressure limiting value. RRKM
calculations were carried out to obtain a pressure de-
pendence of k; + k2. Dean and Westmoreland® have
recently made theoretical calculations of the ener-
gised complex, CH;OH’, by unimolecular reaction
rate theory, in which they consider six possible reac-
tion channels.

Preferred Values

k = 610" cm® molecule™! s~! over range 300-2000 K

Reliability
Alog k = %= 0.7 over range 300-2000 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Comments on Preferred Values

The rate coefficients obtained by Bhaskaran et al.! and
by Roth and Just® are in excellent agreement at 2000 K,
i.e. ks = 3.0:10~" cm® molecule ! s~! and, within the ex-
perimental errors, equal to that of the low temperature
study of Sworski et al 2, k = 9.3-107" cm® molecule ™' s,
Accordingly, we have selected a temperature indepen-
dent overall rate coefficient of k = 6107" cm?
molecule™ s7!,

So far there has been no direct evidence concerning
the product channels of this reaction. Channel (3) is the
pathway suggested in the shock tube studies'. A recent
report on the 'CH; + H,O reaction® has confirmed that
the major products are CH; + OH and consequently
channel (4) needs to be considered here. More experi-
mental work is required on this aspect of the reaction to-
gether with direct measurements of k and any branching
ratios as a function of temperature.
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OH + CH4 =l Hzo + CH3

Thermodynamic Data
AH3s = —60.2 kJ mol~!
AS%e = 13.1 T K~ !mol-1
K, = 20.5 T %14 exp(+7050/T)

Rate Coefficient Data

k[cm® molecule~* s~'] Temperature [K] Reference Comments

Rate Coefficient Measurements .
7.610715 296 Sworski et al. (1980)} ()
1321077 T132 exp(— 1355/T) 298-1020 Tully and Ravishankara (1980)? (b)
7.710-% 300 Husain et al. (1981)* (c)
5610712 exp(—1970/T) 269-473 Jeong and Kaufman (1981)* @
1.28:10~24 T432 exp(—455/T) 206473 Jeong and Kaufman (1984)° (de)
1,510 T23 exp(~ 1370/T) 300-2000 Cohen (1982)° ®
1310712 1030 Fairchild et al. (1982)7 (2)
2571017 T'8 exp(—1396/T) 298-1512 Madronich and Felder (1984) (h)
37101 exp(—2550/T) 340-1250 Jonah ef al. (1984)° @)
3.010-12 1220 Cohen (1984)™° 0
(1.25, 2.25, 1.55)10~ 12 (830, 870, 930) Smith et al. (1985)"! ()
(2.1, 1.33, 3.6)10712 (975,1030,1120)
(17,23533)10 2 (1150,1176,1200)
(29,4.4,4.2)10- 12 (1240,1400,1412)

Reviews and Evaluations
2.35:10-12 exp(—1710/T) 240-373 Hampson (1980)!2 &)
2.3510~12 exp(~ 1710/T) 200-300 CODATA (1982)" O
3.2107'° T%* exp(—1060/T) 240-3000 Cohen and Westberg (1983)" (m)
26510718 T21 exp(— 1240/T) 300-2200 Warnatz (1984)" ")
25107 T213 exp(—1230/T) 230-2000 Baulch er al. (1986)'¢ (o)
3.2:107° T24 exp(—1060/T) 240-2000 Tsang and Hampson (1986)"7 P

Comments

(a) Flash photolysis of N/CHs/H,O mixtures. [CHs]
monitored by absorption at 216 nm.

(b) Flash photolysis of Ar/CH4/H,O mixtures. [OH] mon-
itored by resonance fluorescence. Static system, first-
order decay of [OH].

(c) Flash photolysis of He/CH4/H.O mixtures. [OH]
monitored by resonance fluorescence. Flow system,
first-order decay of [OH].

(d) Discharge flow system. {OH] monitored by resonance
fluorescence. Pseudo-first-order conditions with
[RH]> >[OH].

{c) Correciion io fiiting procedures applicd, sane kinetic
data as for comment (d).

(f) Theoretical expression derived from transition state
theory and calibrated using experimental data.

(g) Pulsed infrared CO, laser production of OH from
H,0»; [OH] monitored by laser induced fluorescence.

(h) Flash photolysis of Ar/CH/H,O mixtures; [OH] mon-
itored by resonance fluorescence; first-order decay of
[OH].

(i) Microwave discharge of He/CH.,/H,O mixtures.
Pscudo-first-order kinetics; [OH] monitored by reso-
nance absorbance.

(i) Shock tube measurement, reported in comment on
results of Ref. 8.

(k) Recommended value, based on low temperature
data.

(1) Evaluation specifically for atmospheric modelling.

(m) Evaluation based on experimental data between 240
and 1600 K; favour the data of Tully and Ravis-
hankara’s? in making the recommendation.

(n) Recommends Tully and Ravishankara’s expression
without comment.

(o) Based on experimental data considered reliable,
some weighting of data.

(p) Accept the recommendation given by Cohen and
Westberg .

Preferred Vaiues

k = 257107 T'® exp(—1396/T) cm® molecule™ s~!
over range 240-2500 K

Reliability
Alog k = = 0.07 between 240 and 1200 K rising to *
0.15 at 2500 K

Comments on Preferred Values

The rate constant is now known with considerable reli-
ability and precision between 240 and 1500 K with excel-
lent agreement between a large number of techniques.
The early data of Fenimore and Jones!® has been re-inter-

preted using k(OH + CO) given by Baulch et al.’®. The
J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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preferred value of k is that obtained experimentally by
Madronich and Felder® which predicts very precisely the
data obtained between 240 and 2000 K. It is not clear why
the data of Zellner and Steinert®, and of Jonah, Mulac,
and Zeglinski® lie consistently above the preferred values.
Details of pre-1980 data are given in Ref. 16.
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OH + CHO — CO + H:0

Thermodynamic Data
AH30s = —435 kJ mol~?
AS%s = —21.9 YK 'mol !
K, = 1.29 T~0425 exp(52200/T)

Rate Coefficient Data

k[ cm® molecule ™! s™! ] T[K] Reference Comments
Rate Coefficient Measurements
5.010-1 1000-1700 Browne et al. (1969)" (a)
1.710-1° 1700-2500 Bowman (1970)2 )
1.810-10 296 Temps and Wagner (1984)* (©)
Reviews and Evaluations
8.310-1 1000-2500 Warnatz (1984)*
= 5.0-10~! 300-2500 Tsang and Hampson (1986)°

Comments

(a) Modelling study of rich and lean acetylene flames at
low pressures. Species profiles by gas chromatogra-
phy, [OH], [CH], and [C;] by absorption measure-
ments,

(b) Oxidation of methane and ethane in Ar behind inci-
dent or reflected shock waves; reaction monitored by
infrared emission of CO,, CO, and H,O. Numerical
modelling of 14 (11) reaction mechanism for CH,
(C;H;) reaction. Results only slightly sensitive to vari-
ations in k.

(c) Discharge-flow reactor; [OH] and [CHO] from far in-
frared laser magnetic resonance spectroscopy. Total
pressure = 1.5 mbar He.

Preferred Values

k = 1.7107* cm® molecule ! s ! over range 300-2500 K

Reliability
Alog k = * 0.3 over range 300-2500 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Comments on Preferred Values

The rate coefficient for this reaction is expected to
have only a very small temperature coefficient. This is
supported by the high values of k measured at 298 K and
the few existing higher temperature measurements. The
preferred values are based on all of the exisiting data'??.
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OH + HCHO — CHO + H:0
Thermodynamic Data
AHB0 = —121 kJ mol !
AS5s = 11.0 TK~!mol ™!
K, = 42.9 T~°318 exp (+14400/T)
Rate Coefficient Data
k [ cm® molecule ™ 571 ] T [K] Reference Comments
Rate Coefficient Measurements
3.810°1 1600 Pecters and Mahnen (1973)} (a)
1.7.10~1 485 Vandooren and
2.2:10-4 570 Van Tiggelen (1977)? . (b)
1.25:10~" exp (—90/T) 299-426 Atkinson and Pitts (1978)° ‘ ()
1.25107* exp (—84/T) 1600-3000 Dean et al. (1980)* (d)
10510 228-363 Stief er al. (1980)° ©
8401012 299 Niki et al. (1984)° ®
8.40-10~12 299 Temps and Wagner (1984)” : )
1.66:10~** exp (—170/T) 292-597 Zabarnick et al. (1988)* (h)
Reviews and Evaluations
10101 200-425 Hampson (1980)° . (@)
5.0-10~! exp (—600/T) 300-2500 Warnatz (1984)'¢ @)
1.1-10-11 200425 CODATA (1984)1! (k)
1.010-1 200-300 NASA (1985)2 ®)
9.0-10~12 228-426 Atkinson (1986)'3 (1))
5.7:10~% T118 exp (+225/T) 298-1600 Tsang and Hampson (1986)'* (m)

Comments

(a) CH4/O; flames—mass spectrometric analysis.

(b) C;H,/O: flames—mass spectrometric analysis: k based
on H;O formation rate.

(c) Pulsed vacuum UV flash photolysis; OH detected by
time resolved resonance fluorescence.

(d) HCHO oxidation studied using shock-tube-infrared
emission spectroscopy. Computer fitting using 4 vari-
able rate constants showed that k values from low
temperature studies describe well the high tempera-
turc results. Not a truc determination of k.

(e) Flash photolysis; resonance fluorescence detection of
OH.

(f) FTIR study of products of photo-oxidation of RONO
(R = CH; and C;Hs) and “C labelled formaldehyde;
k relative to
k(OH + CH,) = 8.48107" ¢m® molecule™ s7%
k(OH + HCHO)/k(OH + C;Hi) = 0.99.

(g) Room temperature study using discharge flow; laser
magnetic resonance detection of OH.

(h) Laser photolysis—laser induced fluorescence of OH.
First order kinetics. Transition state theory used to
extrapolate to combustion temperatures which gives
k = 1.22107" T?% exp (+470/T) cm® molecule ™! s™!
over the range.

(i) Averages the results of Atkinson and Pitts® and Stief
etal’.

(i) Uses high temperature data of Peeters and Mahnen,
Vandooren and Van Tiggelen?, together with the low
temperature data cited in this data sheet, except that
of Stief et al .

(k) Based on results of Atkinson and Pitts® and Stief
etal s

(1) Based on Atkinson and Pitts®, Stief e al .5, Niki et al.5,
and Temps and Wagner’. :

(m) Uses data from Atkinson and Pitts®, Stief et al %, and
the high temperature data of Peeters' and Van-
dooren?.

Preferred Values

k = 5.7-107% T' 8 exp (+225/T) cm® molecule ™! s~! over
range 300-3000 K

Reliability

Alog k = = 0.7 at 3000 K reducing to + 0.1 at 300 K
Comments on Preferred Values

The low and intermediate temperature direct studies
(200-600 K) are all in good agreement. The high temper-
ature values of Dean et al.® and Peeters and Mahnen',
and the intermediate temperature data of Vandooren
and Van Tiggelen® and Hoare' are higher than expected
by simple Arrhenius extrapolation. However, the earlier
work is considered less reliable due to the complex sys-
tems used and the dependence of the derived k values on
other rate constants in the models. We consider that the
available data is best fitted by the expression of Tsang
and Hampson", which we recommend here.
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OH + CN — O + HCN )
- NCO + H @

Thermodynamic Data
AH305 (1) = —89.8 kJ mol !
AS3s (1) = —23.5JK ‘mol *
K,(1) = 2.9910-* T*"“exp (+11100/T)

AH3g5 (2) = —96.8 kJ mol ™!
AS3e8 (2) = —394 JK *mol—?
K,(2) = 1.1410% T Pexp (+12100/T)

Rate Coefficient Data (k = ki + k2)

k[ cm® molecule™! s~ ] T[K] Reference Comments
Rate Coefficient Measurements
1.0-107% 2300-2600 Morley (1976)" (a)
9.510~1 1950-2380 Haynes (1977)* (b)
8.310°12 1200-2600 Shaub and Bauer (1978)° (c)
< 1.85107 2460-2840 Szekely, Hanson, and Bowman (1984)* (d)

Comments

(a) Hydrocarbon/O, flames with additions of CH;CN
and pyridine. Product profiles (HCN, NHs, NO) de-
termined by quadrupole mass spectrometry. k calcu-
lated from HCN profile. Equilibrium between CN
and HCN assumed.

(b) Premixed hydrocarbon/O; flames with additions of
NH;, NO, or pyridine. Samples removed by water
cooled silica probe for analysis by infrared spec-
trophotometry (NO), absorption in NaOH and deter-
mination of CN and NH specics using ion-selective
electrodes. [H] monitored by Li/LiOH technique.

(c) Single pulse shock tube study of Ar/O>/hydrocarbon/
NO mixtures. Products (CH,, C;H,, C:Hz, CO, CO,,
NO, N, Ar) determined by gas chromatography.
Yields fitted using large reaction mechanism. Results
only slightly sensitive to value of k.

(d) Shock tube study of CN»/H.O/Ar mixtures. [CN]
monitored by broad band absorption at 388 nm, [OH]
by laser absorption at 306.67 nm. Profiles fitted to re-
action mcchanism. Uppecr limit only to k obtaincd.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Preferred Values

k = 1.0-107" cm® molecule ~* s ™! over range 15003000 K

Reliability
Alog k = =+ 0.5 over range 1500-3000 K

Comments on Preferred Values

All of the determinations of k involve computer mod-
elling of substantial reaction mechanisms. The most di-
rect determinations are those of Haynes’ and Morley'
which are the basis of our recommended values but with
substantial error limits reflecting the lack of good quality
direct measurements.
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OH + HCN - H;0 + CN )
— HOCN + H @)
— HNCO + H (3)
Thermodynamic Data
AH3s (1) = 19.2 kI mol ! AH3g (2) = 34.3 kJ mol !
AS39s (1) = 5.91 JK " 'mol ™! AS3es (2) = —22.9 JK 'mol~!
K, (1) = 2.0910° T~°%7 exp (- 2520/T) K,(2) = 1.0410-2 T°%* exp (—4010/T)
AH3os (3) = —60.3 kJ mol !
AS%s (3) = —32.0 JK~'mol?
K,(3) = 8.96:10~5 T°™ exp (+7550/T)
Rate Coefficient Data (k = ki + k. + k)
k[ cm® molecule ™ s™! ] T[K] Reference Comments
Rate Coefficient Measurements
ki = 3.31-107 " exp (—7554/T) 1666-2300 Kanamura and Daito (1977)! (a)
ks = 332110713 1950-2380 Haynes (1977)? (b)
ky, = 1.60-10-11 T-1 exp (—1860/T) 208-563 Phillips (1979)* (©
k= 110712 1800-2500 Roth, Lahr, and
Hermanns (1980)* (d)
ky = 12107 = 2650 Szekely, Hanson, and
Bowman (1984)° )
ko = 11610 exp (—400/T) 298-500 Brasseur ef al. (1985)%7 ®
ko = 1.51073 exp (—875/T)
cm® molecule =2 s~!
k= 1310~1 exp (—4160/T) 518-1027 Jacobs et al. (1988)"! ®
Reviews and Evaluations _
121071 exp (—400/T) (p = 1atm)  296-433 CODATA (1984)" (h)

Comments

(a) Shock tube study, no experimental details.

(b) Flame study. Hydrocarbon/O; flames with small ad-
ditions of NH;, NO, or pyridine. Samples withdrawn
via watercooled silica probe and analysed for NO (in-
frared absorption), HCN and NH species (by absorp-
tion in NaOH solution and use of ion-selective
clectrodes). [IT] in post-flame gases detecrmined by
Li/LiOH technique.

(c) Discharge-flow study. OH generated by H + NO; re-
action, [OH] monitored by resonance fluorescence at

306 nm. CN produced by channel (1) scavenged by

added H,. Results suggest pressure dependent k;
quoted k measured at pressures exceeding 10 Torr.

(d) Shock tube study of Ar/HCN/N,O mixtures. [H] and
[O] monitored by resonance absorption at 121.6 nm
and 130.5 nm respectively. Results fitted to 8 reaction
mechanism but fit not very sensitive to assumed value
of k.

(e) Shock tube study of HaO/C:Ny/Ar mixtures. [CN]
monitored by absorption at 288 nm and [OH] by ab-
sorption at 306 nm. Data fitted to 6 reaction mecha-
nism to yield k-,. k; calculated using K(1) = 0.97 at
2650 K gives 2.9-1072 cm® molecule™ s7'. Use of
more recent thermodynamic data gives values of k
tabulated.

(f) Flash photolysis study in flowing system. Decay of
[OH] monitored by resonance absorption. Pressure

dependent k found and fitted to Troe expression to
give quoted ko and kissy. Relatively long lived adduct
HCNOH observed™.

At temperatures above 500 K there is an increase in
the activation energy interpreted as due to the onset
of either channel (1) or (2)..

(g) Derived from measurements of k-, and thermody-
namic data. Measurements of k; by laser photolysis
with time resolved monitoring of [CN] and {OH] by
laser induced fluorescence. Using our thermody-
namic data we obtain k; = 2.7107° T~™¥
exp (—6770/T) cm® molecule ™! s72,

(h) Review of low temperature data. Accepts value of
Fritz et al .

Preferred Values

ki = 1.5107" exp (—5400/T) cm® molecule™ s™! over
range 1500-2500 K

Reliability
Alog k; = = 0.5 over range 1500-2500 K

Comments on Preferred Values

At high temperatures (1600-2500 K) the results of
flame® and shock tube studies*™'' are in reasonable
agreement despite the fact that all of the techniques are
indirect and values of k derived from computer fitting of
substantial reaction mechanisms to the observed quanti-

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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ties. At high temperatures it is most likely that channel
(1) is dominant as discussed by Miller et al.? and as sug-
gested by the work of Jacobs er al." on the reaction of
CN + H,O - HCN + OH.

At lower temperatures ( < 500 K) the data of Phillips*®
and of Brasseur etal.%” differ significantly. In both of
these studies the rate constant was reported to be pres-
sure dependent. No recommendation is made for this
regime; further studies are required.

At high temperatures there are reliable data'! for k_;;
our recommendation is derived from this and the thermo-
dynamic data about which there is some uncertainty and
hence large error limits must be assigned.
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OH + CH;00H —> CH.O0H + H.0 )
— CHs00 + H.0 2

Thermodynamic Data
AH3s (1) = —132.0 k¥ mol-!

AH3 (2) = —85.8 kI mol~!

Rate Coefficient Data (k = ki+ k)

k[ cm® molecule~!s~!] T[K] Reference Comments
Rate Coefficient Measurements
1.00-1 300 Niki et al. (1983)! @)
2.93-10"exp (+190/T) 203-423 Vaghjiani and
kz = 1.7810~Zexp (+220/T) Ravishankara (1989)” )
Comments k2 = 1.810~%exp (+220/T) cm® molecule ~'s~'over range

(a) FTIR spectroscopic study of photolysis of C,HsONO/
CH3;OO0H/air mixtures. k relative to rate constants
for OH + C;H, and OH + CH3;CHO:
k(CH;00H)/k(C;Hs) = 1.2 * 0.09;

k (CH;OO0H)/k (CH;CHO) = 0.68 = 0.07 at 1 atm
pressure. Product yields were consistent with branch-
ing ratio ki/k; = 0.77 (£ 20 %).

(b) Pulsed photolysis - laser induced fluorescence detec-
tion of OH. First order decay of OH used to deter-
mine k,. Because OH is regenerated rapidly from the
CH:OO0H product in the first channel, the overall
rate coefficient was determined from 'OH loss and
from OH production from the reaction of *OH or
OD + CH;OO0H. A thorough investigation of the
mechanism and error sources is given.

Preferred Values

ki = 1.2:10"Zexp (+130/T) cm® motecule ~'s~over range
250-1000 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

250-1000 K

Reliability
Alog k,

= * 0.4 at 1000 K reducing to + 0.2 at 300
Alogk, = = 0.3 x01at3

at 1000 K reducing to 00 K

AR

Comments on Preferred Values

The preferred values are based on the comprehensive
and thorough study of Vaghjiani and Ravishankara?
Considering the uncertainties in the earlier study of Niki
et al.!, the agreement is satisfactory.
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OH + C:H, - C:H + H,0 )
—>H+CHCO (2
OH + C:H: (+ M) - CH.OH (+ M) (3)

Thermodynamic Data
AH3 (1) = 53.1 kJ mol~!
ASSs (1) = 116 K~ 'mol~!
K,(1) = 817 T~°"2 exp (—6650/T)

AH3gs (2) = —99.6 kJ mol~!
AS308 (2) = —28.1 JK ™ 'mol™!
K,(2) = 5.64-10% TO57 exp (+12240/T)

No thermodynamic data available for channel (3). See text for estimate of AH°(3).

Rate Coefficient Data (k = k, + k)

k [ cm® molecule™* 57! } TIK] Reference Comments
Rate Coefficient Measurements
310~ 1700-2000 Fcnimorc and Joncs (1964)! (a)
1.0-10~ exp (—3500/T) 1000-1700 Browne et al. (1969)* (b)
5.310"" exp (—100/T) 570-850 Vandooren and :
Van Tiggelen (1977)3 (c)
5.810712 cxp (- 4500/7") ~ 2650 Bar-Nun and Dove (1980)* @
3.0-10~" exp (—3500/T) - 2000 Warnatz et al. (1982)° (e)
271071 1100 Smith, Fairchild, and
5.810712 1300 Crosley (1984)° ®
4.5107" exp (—5300/T) 1100-1273 Liu, Mulac, and Jonah (1988)” ®
Reviews and Evaluations
1.0-107 ! exp (—3500/T) 1000-2000 Warnatz (1984) (h)
2.4:10-20 T268 exp (—6060/T) Tsang and Hampson (1986)° @)
Comments Reliability
Alogk = = 1.0

(a) Acetylene/oxygen atmospheric flames, mass spectro-
metric sampling of the burned gas.

(b) Acetylene flame, concentration profiles by absorp-
tion and emission spectroscopy. Computer simula-
tion.

(c) Acetylene/oxygen low pressure flame, molecular
beam/mass spectrometric sampling. Suggest the reac-
tion product is ketene.

(d) Shock tube study with mass spectrometric sampling.

(e) Burner stabilised laminar flat C;H,/O/Ar flame.
Sampling nozzle with mass spectrometric detection.
Studied the formation of C,H..

(f) CO. pulsed laser photolysis (SFs, H20,, N2, CHb),
OH detected by laser induced fluorescence. At 900 K
the reaction shows a pressure dependence, but this is
lost at 1100 and 1300 K, suggesting that the low tem-
perature addition channel no longer operates.

(g) Pulse radiolysis, resonance absorption spectroscopy.
The rate constant shows a complex (p,7) depen-
dence below 1100 K as the addition channel becomes
important.

(h) Evaluation, based on the value of Browne et al 2.

(i) Calculated BEBO value.

Preferred Values

ki = 1.0-107* exp (—6500/T) cm® molecule™ s~! over
range 1000-2000 K

Comments on Preferred Values

In the absence of contrary evidence, an abstraction
mechanism has been assumed at high temperatures. Even
exothermic H abstractions have a small activation barrier
and they show pronounced positive Arrhenius curvature.
Accordingly, a large temperature dependence, compat-
ible with the data of Smith et al.® and Fenimore and
Jones' and with the endothermicity, has been chosen, 10-
gether with a large A factor, by comparison with the OH
+ C;H, reaction. This dependence is somewhat stronger
than that obtained by Liu ef al.® because their analysis
does not make full allowance for the addition channel.

At temperatures below = 1100 K and at atmospheric
pressure, the addition channel (3) becomes important’
and shows a strong pressure dependence'®™'2. More re-
cent and more complete measurements have been made
at 298 K", on the basis of which Atkinson' proposes
the paramcters k§ = 4-107* cm® molecule™ s™' k§ =
8.7-107 cm® molecule "' s~!, and F, = 0.6 in air at room
temperature, with a T dependence of the form k3 =
1.9-107 exp (—230/T) cm® molecule ™ 57,

The following parameters give a reasonable represen-
tation of the high temperature data for k3 and are also
compatible with Atkinson’s analysis at low temperatures:

ks = 2107 exp (—230/T") cm’® molecule ™" s™!

k¥ = 5107% T~% cm® molecule™? s~!

F. =06
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with Alog ks = = 1.0. These parameters should be em-
ployed to assess the importance of the addition channel
at temperatures below =~ 1100 K. Smith et al .® estimated
the dissociation energy, AE,, for the adduct to be = 140
kJ mol~1.
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OH + c:H4 - Hzo + CzHa

Thermodynamic Data
AH3os = —47.4 kJ mol~!
AS3es = 17.5 JK " 'mol~*
K, = 526 T~ exp(+5413/T)

Rate Coefficient Data

k[cm® molecule = s™1] T[K] Reference Comments
Rate Coefficient Measurements
1.7-10~1 1250-1400 Westenberg and Fristrom (1965)! (a)
1.810~1 813 Baldwin, Simmons, and Walker (1966)* (b)
1.810-1 1300 Bradley et al. (1976)° ()
1.310-2 591 Tully (1983)° (d)
5.710~ 18 773 Baldwin ez al. (1984)° (e)
2.4-10~ 1 exp(—2104/T) 748-1173 Liu, Mulac, and Jonah (1987)% [¢3)
2,510 1220 Smith (1987)7 @®
3.410"" exp(—2992/T) 651-901 Tully (1988)* (h)
Reviews and Evaluations
510~ 800-1500 Wilson (1972)” (i)
510~4 exp(—1500/T) 500-2000 Warnatz (1984)'¢ ®

Comments

(a) Flame study of C;H./O; flames, H and O profiles

measured by e.s.r. and GH,, CO, and CO; by mass
spectrometry. Concentration profile of OH is calcu-
lated using k(CO + OH — CO; + H) =1.2-1071
exp(—3870/T) cm® molecule™ s™! and [CO;] and
hence quoted value of k.
This is recalculated by Wilson® giving k = 5.3-10712
cm® molecule™ s7! at 1240 K, k = 83102 cm?®
molecule ™ s7! at 1368 K, k¥ = 2.610°" cm?®
molecule™ s7! at 1447 K and k = 1.0107° cm®
molecule™ s at 1491 K.

(b) Inhibition of Hy/O, reaction by addition of ethene.
Ratio k/k(H, + OH) is obtained and use of k(H; +
OH) =1.2110"" cm’® molecule™" s at 813 K gives
the quoted value.

This is recalculated by Wilson® giving k =1.0-10""
cm® molecule ™ s~* at 813 K.

(c) Shock tube study, analysis by UV absorption for
[OHJ; quoted value of k obtained by computer mod-
elling of a 28 reaction mechanism (proved to be sen-
sitive to this reaction) and optimization.

(d) Flash photolysis of C;H./He, N;O/He, H,O/He gas
streams using an excimer laser. [OH] monitored by
resonance fluorescence at T > 500 K. [OH] decay is
not exponential.

(e) Addition of C;H, to slowly reacting H,/O, mixtures.
Pressure change and product yields (C;H,O, HCHO,
CH,, C;H,, CO, CH3CHO) in early stages of reaction
measured. k sensitive to CO and HCHO yields. Diffi-
cult to distinguish between abstraction and OH +
GH,; — GH,OH + O, — 2 HCHO + OH.

(f) Pulse radiolysis of HO/C;H, mixtures in 1 atm Ar.
[OH] monitored by resonance absorption. In temper-

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

ature range 343-563 K addition of OH to GH, is
dominant; 563-748 K addition, adduct decomposi-
tion, and abstraction occur concurrently; above 748 K
abstraction is dominant.

(g) Infrared laser pyrolysis of flowing mixtures of H;O»/
CF./SF¢/C;H,. [OH] monitored by laser induced fluo-
rescence. Temperatures determined from population
of OH rotational states.

(h) Laser photolysis of N;O/H,O/C;Hs/He mixtures at
193 nm or HO/C;H/Ar mixtures. [OH] monitored
by laser induced fluorescence. Rate constant inde-
pendent of nature or pressure of diluent gas.

(i) Review of results up to 1974, recalculation where
necessary, separate incompatible values for k at high
and at low temperatures recommended.

(5) Review of Refs. up to 1980. Expression for & at high
temperatures which is compatible with low tempera-
ture results recommended.

Preferred Values

k = 3.4107" exp(—2990/T) cm® molecule™ s~ over
range 650-1500 K

Reliability
Alog k = = 0.5 over range 650-1500 K

Comments on Preferred Values

The experimental studies on this reaction show that
the abstraction channel predominates over addition at
temperatures above approximately 650 K. The measured
values of k are in poor agreement at such temperatures.
The most recent study of Tully® gives values much lower
than those found in most other studies but compatible
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with the work of Smith’ and the most recent work of
Baldwin et al >. We accept Tully’s expression as the one
preferred.
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OH + CQHG had Hzo + 02H5
Thermodynamic Data
AH3 = —79.7 kJ mol ™!
AS3s = 27.8 T K 'mol ™!
K, = 3.30-10° T-9692 cxp(-1 9340/T)
Rate Coefficient Data
(for details of pre-1980. data, see Ref. 1)
k [cm® molecule ™ s71] Temperature [K] Reference Comments
Rate Coefficient Measurements
2.32:107% 295 Lee and Tang (1982)* (a)
7.13-107% 238 Margitan and Watson (1982)? (b)
(see Ref. 1) 403-683 Baulch et al. (1983)* ©
1.43:107** T% exp(—-91T) 297-800 Tully et al. (1983)° (d)
3.9:107% 12 %exp(+16Y/1) 248-472 Kaufman et al. (1984)° (a)
1.8:10- ! exp(—1240 /T) 240-295 Molina et al. (1984)’ O]
2.68-10~1 295 Baulch efal. (1985)% ®
2.2-101 295 Schmidt et al. (1985)° (3]
1.2810°% 248 Molina et al. (1986)*° (h)
25110713 297
2981071 295 Nielsen et al. (1986)" 0]
8.51-10~ 1% T2% exp(—430/T) 293-705 Tully et al. (1986)"2 .6
2.07-10~ " exp(—1299/T) 205-364 Anderson and Stephens (1986)" (a)
2.74-10-13 296 Bourmada, Lafage, and
Devolder (1987) (a)
8.410~12 exp(~1050 /T) 234-438 Wallington, Neuman, and
Kurylu (1987)** ()
Reviews and Evaluations
1291017 T2° exp(—430/T) 300-2000 Cohen (1982)¢ (x)
3.610'7 T19 cxp(—570/T) 300-2000 Cohen and Westberg (1983)!7 M
1.05-107%7 T2° exp(—325/T) 300-2000 Warnatz (1984)* (m)
1.47-107% T exp(—913/T) 297-800 Tsang and Hampson (1986)'° ()
231071 exp(~1340/T) 250-1200 Baulch et al. (1986)! (0)
1.3710717 T29 exp( — 444/T) 240-900 Atkinson (1986)% ®)

Comments

(a) Fast flow discharge, [OH] monitored by resonance
fluorescence.

(b) Flash photolysis of IINO3y/C:II¢/Ile mixtures; [OII]
monitored by resonance fluorescence.

(c) Static photolysis of H,O/CO/C;Hs mixtures; competi-
tive studies with GLC measurement of CO,.

(d) Flash photolysis of H,O/C;Hg/Ar mixtures in static
vessel. [C;Hs] > > [OH] with [OH] monitored by
resonance fluorescence.

(e) Flash photolysis of HNOs/C;H¢/He mixtures; [OH]
monitored by resonance fluorescence.

(f) Discharge flow, OH generated from H + NO; with
[OH] monitored by resonance fluorescence.

(g) Laser photolysis of H,O, or HNOs; [OH] monitored
by pulsed dye laser fluorescence.

(h) Laser flash photolysis of HNOs/C;Hg/inert gas mix-
tures; [OH] monitored by resonance fluorescence.

(i) Pulse radiolysis of H,O/C;Hy/Ar mixtures; [OH]
monitored by adsorption at about 309 nm.

(j) Flow laser photolysis; [OH] monitored by laser in-
duced fluorescence.

(k) Calculated values based on transition state theory.

(1) Wide temperature evaluation of experimental data.

(m) Recommended without comment.

(n) Recommend expression given by Tully et al. (1983)°.

(o) Recommend Arrhenius expression between 250 and
1200 K, based on comprehensive assessment of ex-
perimental data.

(p) Critical review of data between 240 and 900 K.
Preferred Values

k = 1.20107" T?° exp(—435/T) cm® molecule ™! s~! over
range 250-2000 K

Reliability
Alog k = * 0.07 between 250 K and 1000 K rising to
= 0.15 at 2000 K

Comments on Preferred Values

The rate constant is now known with considerable reli-
ability and precision between 250 and 2000 K, with excel-
lent agreement between a large number of techniques.
The early data of Fenimore and Jones® have been re-in-
terpreted using kK(OH + CO) given by Baulch et al ™.

The preferred value of k is almost indistinguishable
from the value obtained by Cohen'® from transition state
calculations carried out for temperatures between 300
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and 2000 K. This agreement between theory and experi-
ment may be coincidental, but suggests that extrapola-
tions to at least 3000 K may be carried out reasonably
reliably with Alog k = + 0.3 at 3000 K.
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OH + CH.CO — CH.OH + CO (1)
— H.CO + CHO )

Thermodynamic Data
AHBss (1) = —115 k¥ mol-!
AS%0s (1) = 18.5 JK~'mol~!
K, (1) = 210 T=°% exp(+13700/T)

AH3 (2) = —59.5 kJ mol~!
AS3os (2) = 17.7 I K~'mol !
K,(2) = 969 T~ exp(+7070/T)

Rate Coefficient Data (k = ky + k)

k{cm® molecule™! s™1] TK] Reference Comments
Rate Coefficient Measurements
4.6510~1 480-1000 Vandooren and Van Tiggelen (1977)! (a)
> 1.7:107%2 295 Faubel, Wagner, and Witack (1977)? (b)
18107 299 Hatakeyama et al. (1985)° (©)
Reviews and Lvaluations
1.710-1 300-1000 Warnatz (1984)*

Comments

(a) Study of C;Ho/O- flames. Analysis for CO,, CO, C.Ha,
H., H:0, Ar, H., O, and OH by molecular beam sam-
pling mass spectrometry.

(b) Flow reactor, OH radicals produced by the reaction
H + NO; - OH + NO. Product analysis by mass
spectrometry; C;H, H,CO, and CH3;0H found in
products. Quoted lower limit for k obtained by com-
parison with the rate constant for the reaction
C:0; + OH —» HCG,O + CO; (k(C0; + OH) =
1.2-10"" exp(—620/T) cm® molecule ™! s7*) also mea-
sured in this study.

(c) OH generated by photolysis of CH;ONO in air at 1
atm. Analysis for CH,CO by long path Fourier-trans-
form infrared spectroscopy at 2164 cm™'. Ratio k/
k(OH + c¢-C¢Hj;) = 2.3 obtained. kK (OH + ¢-C¢Hyz)
= 7.95107" cm® molecule™* s™! used® to obtain k.
Main product observed was HCHO.

Preferred Values

k = 1.710~" cm® molecule ™! s~! over range 300-2000 K

Reliability
Alog k = = 1.0 over range 300-2000 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Comments on Preferred Values

The measured values of k& at low® and only slightly
higher' temperatures differ by a factor of 10. The high
value of k and comparison with the rate constants for O
and H attack on CH,CO both suggest a small activation
energy (< 6 kJ mol™?) for the reaction. We follow War-
natz in recommending a temperature independent value
of k and large error limits.

The detection of HCHO as a product® suggests that
channel (2) plays a significant role but there is no other
information about the branching ratios.
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OH + CH;CHO — H,0 + CH.CO ™)
— H,0 + CH:.CHO  (2)

Thermodynamic Data
AH303 (1) = —138 kJ mol ™!
AS35 (1) = 8.0 JK 'mol~?
K,(1) = 136 T~°57 exp (+16400/T)

AH3g (2) = —90.4 kJ mol~*
AS3s (2) = 9.1 TK~mol~!
K,(2) = 60 T°® exp (+10650/T)

Rate Coefficient Data

k[cm® molecule~! s~} T[K] Reference Comments
Rate Coefficient Measurements
6.87-107'2 exp (+260/T) 299-426 Atkinson and Pitts (1978)! (a)
5.52:10712 exp (+307/T) 244-528 Michael, Keil, and Klemm (1985)2 (b)
7.1-10-12 exp (+165/T) 253-424 Semmes ef al. (1985)° (©)
Reviews and Evaluations .
6.910712 exp (+260/T) 298-450 CODATA (1984)* (d)
1.67-10°1 300-2000 Warnatz (1984)° (e)
6871012 exp (+256/T) 200-500 Atkinson (1986)% )
Comments Reliability

(a) Pulsed VUV flash photolysis of H,O; resonance fluo-
rescence detection of OH.

(b) Discharge flow; resonance fluorescence detection of
OH; CH;CO shown to be most probable product up
to 530 K. »

(c) Flash photolysis of H,O; resonance fluorescence de-
tection of OH; some difficulty encountered in defin-
ing CHsCHO concentration.

(d) Based on Ref. 1 and earlier room temperature data
of Morris et al.”, Cox et al %, Niki et al ., and Kerr and
Sheppard™.

(e) Recommendation based on mean of room tempera-
ture values and assumed independence of k£ on tem-
perature over wide range.

(f) Based on Ref. 1. Data from Semmes et al. were not
included because of reported difficulties in defining
CH;CHO concentration.

Preferred Values

k = 3.89107" T°” exp (+560/T) cm® molecule™ s™!
over range 250-1200 K

Alogk = #* 0.3 at 1000 K reducing to + 0.1 at 250 K
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OH + C:HsOOH — H.O + C:Hs00
- Hzo + CzH400H

Thermodynamic Data

AH3es (1) = —131 kJ mol ™!

Comment

- There are no experimental data for the reaction of OH
with C;H;OOH. The overall rate expression k = 3.0-10™ %
exp(+190/T) cm® molecule™! s~! with channels (1) and

OH + CsHs i d Hzo + CsHs
— C¢HsOH + H
OH + CeHe (+ M) - CcH:OH (+ M)

Thermodynamic Data

AH364 (1) = —35.3 kJ mol™!
AS36 (1) = 24.2 JK 'mol ™!
K,

(1) = 8.110° T8 exp(+3880/T)

595

(1)
(2)

AH3es (2) = —91.2 kJ mol -

(2) occurring at equal rates, is recommended by analogy
with the reaction of OH with CH;OOH. Temperature
range 250-1000 K with Alogk = = 0.3 at 250 K and +
0.7 at 1000 K. '

(1)
()
(3)

AH3s (2) = —0.3 kJ mol !
AS3s (2) = —23.5 JK~'mol~*
K,(2) = 471075 T* 1! exp(+260/T)

Rate Coefficient Data (k = ki + k2 + ki)

k[cm® molecule™? s~1] TIK] Reference Comments
Rate Coefficient Measurements
ks = 5.010~2exp(—453/T) 296-325 Perry, Atkinson and Pitts (1977)! ()
ky = 4.010-" exp(—2013/T) 380473
ki = 1710~ Yexp(—3019/T) 1200-1900 Fujii and Asaba (1977)? (b)
3.1-10~*2 exp( - 270/T) 250-298 Tully er al. (1981)° ©
Kk, = 2410~ Vexp(—2260/T) 450-1000
8.810~13 295 Wahner and Zetzsch (1983)* (d)
ks = 6.3:10~2 exp(—500/T) 244-330 Lorenz and Zellner (1983)° (e)
1.510-%2 298 Ohta and Ohyama (1985)% ®
3.5:10 " exp(—2300/T) 790-1410 Felder and Madronich (1985)” )
1.3.10-12 294
ks = 2.310~exp(—190/T) 239-354 Witte, Urbanik, and Zetzsch (1986)® (h)
2.5-10™!! exp(—2050/T) 790-1410 Madronich and Felder (1986)° (6]
1.310-% 296 Edney et al. (1986)!° 1)
2.0-10-12 298 Atkinson (1987)!! x)
k2 = 22107 exp(—5330/T) 1000-1150 He et al. (1988)"? 0]
Comments (d) VUV flash photolysis of water; detection of OH by

(@)
(b)

©

Flash photolysis-resonance fluorescence of OH at
total pressures between 20 and 200 Torr.

Rate expression for the addition channel was deter-
mined by a semi-empirical method. The pyrolysis and
oxidation of benzene were studied by various meth-
ods using the shock tube technique. Experimental
data on the formation of biphenyl and CO were mod-
elled by computer simulation.

Observed total rate coefficient is derived from the
FP-RF technique for 20 < p < 200 Torr. Discussion
of the reaction mechanism is presented. A rate ex-
pression for the abstraction reaction (1) has been
evaluated.

(e)
®

9]

(h)

resonance fluorescence at 309 nm.

Laser photolysis-resonance fluorescence technique.
Relative rate constant for the overall reaction. OH
radicals were produced by photolyzing H;O.. Analy-
sis of organic compounds was by GC. Reaction paths
are discussed. Empirical relationships between struc-
ture and reactivity of aromatics towards OH radicals
are derived.

The high temperature photochemistry technique
(HTPC) was applied. OH radicals were produced by
standard flash photolysis. Time dependent resonance
fluorescence detection of OH at 309 nm.

Flash photolysis production of OH radicals. Monitor-
ing of OH by resonance fluorescence at 309 nm.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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(i) Same method as in (g).’

(i) Observed total rate coefficient based on a procedure
of “relative rate”. OH radicals were produced by ir-
radiation of methylnitrite. Decay rates of benzene
and of the test compound were monitored by GC.

(k) Rate coefficient for OH consumption was calculated
from structure-activity relationship (SAR) at atmo-
spheric pressure.

(D Results are from study of H and OH attack on phe-
nol under single pulse shock tube conditions. The
rate cofficient k; was calculated from the equilibrium
constant and from the measured rate of the reverse
of reaction (2).

Preferred Values

k1

27107 T exp(—732/T) cm® molecule™! s7!
over range 400-1495 K

k: = 2.2-10""exp(—5530/T) cm® molecule™ s™! over
range 1000-1150 K

ks = 3.810 "%exp(—341/T) cm® molecule™ s™! over
range 240-340 K
Reliability
Alog ky = % 0.3 over range 400-1500 K
Alog k2 = % 0.3 over range 1000-1150 K
Alog k3 = = 0.2 over range 240-340 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Comments on Preferred Values

The present studies indicate that the dominant reac-
tion pathway at and below room temperature is the addi-
tion of the OH radical (channel (3)). Abstraction of ring
hydrogen seems to be dominant at temperatures above
500 K (channel (1)). The displacement reaction (2) is not
expected to be an elementary process but to proceed via
the hydrocyclohexadienyl channel (3) at elevated temper-
atures.
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OH + C¢HsOH (+ M) — CsHs(OH).(+ M) )
OH + CsHsOH - CSHso + HzO (2)
— C¢H,OH + H.0 (3)

Thermodynamic Data
AHBo (2) — —136.7 kJ mol—'
AS3s (2) = —1.9 JK~'mol~*
K,(2) = 1.610' T~"“"exp(+16364/T)

Rate Coefficient Data ( k = ki+ ka+ ki)

k[cm>molecule ~1s~!] T[K] Reference Comments
Rate Coefficient Measurements
ky = 28101 296 Rinke and Zetzsch (1984)* (a)
k; = 1.0-10°1 1000-1150 He et al. (1988)? (b)
Comments k2 + ks = 1.0-10""cm® molecule ~'s~’over range 1000~

(a) Direct measurement using flash photolysis with reso-
nance fluorescence for OH. p = 5-733 mbar He.
Low inital OH concentrations. Very good linearity of
the decays.

(b) This is an extension of the phenol + H study of these
authors (see data sheet: phenol + H). By using CO
as an OH quencher, H atoms are formed and more
benzene is produced. This process is in competition
with phenol + OH. Thus rate data for phenol + OH
may be deduced. However, very large amounts (=
30%) of CO are needed. The kinetic system is not
simple and a further uncertainty is introduced from
the Ref. reaction CO + OH.

Preferred Values

ki = 2.8:10"“cm® molecule ~!s~'at 296 K and 733 mbar

1150 K

Reliability
Alog ky = * 0.09 at 296 K
Alog (kz + k) = * 05

Comments on Preferred Values

k, is the value reported by Rinke and Zetzsch!.

For the abstraction channels (2) and (3) no informa-
tion on the branching ratios exists. He, Mallard, and
Tsang interpreted their results only in terms of channel

(2).
References

M. Rinke and C. Zetzsch, Ber. Bunsenges. Phys. Chem. 88, 55 (1984).

" 2Y. Z. He, W. G. Mallard, and W. Tsang, J. Phys. Chem. 92, 2196,

He (1988).
OH + CGH5CH3 - HzO"l‘CsHsCHz (+ M) (1)
OH + Ce¢HsCHs (+ M) — C¢HsCH;OH (+ M) (2)

Thermodynamic Data
AH30: (1) = —130.8 kJ mol !
AS%s (1) = 1.4 JK 'mol ™!
K,(1) = 3.2:10~! T°Z exp(+15730/T)

Rate Coefficient Data (k = ki + k)

k{cm® molecule™* 571] TIK]} Reference Comments
Rate Coefficient Measurements
ki = 501071 exp(—453/T) 380473 Perry, Atkinson, and Pitts (1977)! (a)
k = 32103 exp(+805/T) 296-325
ki = 1.0~ exp(—1510/T) 1700-2800 McLain et al. (1979) ()
ki = 2.110~ exp(—1300/T) 500-1000 Tully et al. (1981)° ©
k> = 3.810712 exp(+180/T) 213-298
k; = 6.410°12 298 Ohta and Ohyama (1985)* d
k, = 5.410-12 208 Edney ct al. (1986)° (e)
K, = 621072 298 Atkinson (1987)° ®
4.810°12 773 Baldwin et al. (1987)" ®
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Comments

(a) Flash photolysis-resonance fluorescence technique
at total pressures around 10 Torr. Addition channel
(2) is the dominant reaction pathway for tempera-
tures below 325 K. The H abstraction reaction (chan-
nel (1)) was found to be the dominant reaction
pathway for temperatures above 380 K.

(b) Incident shock wave investigation of the oxidation
mechanism of CéHg/O2/Ar and CHsCHy/ O2/Ar mix-
tures by monitoring UV and IR emission of CO, CO,,
and the product [O]{CO] . Arrhenius expression for
the products CsHsCH, + H:O (channel (1)) was esti-
mated by comparison with data for benzene.

(c) Flash photolysis-resonance fluorescence technique.
OH reactions with benzene, toluene, and selectively
deuterated toluenes were studied in the temperature
range 213 to 1150 K. The results indicate that the ad-
dition channel (2) is the dominant reaction pathway
below 300 K and that side-chain hydrogen abstrac-
tion channels such as pathway (1) are the dominant
reaction routes at higher temperatures. The rate ex-
pression for the side-chain hydrogen abstraction
(channel (1)) has been estimated.

(d) Hexane was used as Ref. compound. Photolysis of
H:O; was the source of OH. Rate coefficient for OH
consumption (channel (2)) was evaluated at atmo-
spheric pressure.

(e) Ratc constant value for reaction (2) derived by using
a relative rate data procedure. Photolysis of methyl
nitrite was the source of OH.

(f) Flash photolysis-resonance fluorescence. Measure-
ment of rate coefficient for the addition reaction (2).
An estimation of the rate coefficient for the addition
reaction (2) by applying a structure activity relation-
ship gave 5.5-107"* cm’® molecule ™' s~ at 298 K.

(g) Small amounts of toluene (0.05-0.5%) were added to
slowly reaction mixtures of H, + O, at 773 K. Under
the experimental conditions thc hydrogen/oxygen
system provides a reproducible source of radicals like
H, O, and OH. The measurement of the relative con-
sumption of additive and molecular hydrogen per-

599

mits the evaluation of the rate constants for the
reaction of H, O, and OH with toluene.

Preferred Values

ki = 8.610 ¥exp(—440/T) cm® molecule™ s~! over
range 400-1200 K

k2 = 3.810"Zexp(+180/T) cm® molecule™! s~ over
range 213-298 K

Reliability

Alog ky = = 0.5 at 400 K reducing to =0.3 at 1200 K
Alog k; = + 0.4 over the range 213-298 K

Comments on Preferred Values

The present studies indicate that the dominant reac-
tion pathway at and below room temperature is the addi-
tion ot the OH radical (channel (2)). Side-chain hydrogen
abstraction reaction seems to be the reaction at higher
temperatures (channel (1)). The present data are reli-
able, but owing to the pressure dependence of the reac-
tion (2) only a rate expression can be recommended for
temperatures below 300 K. For channel (1) the more in-
direct data of Ref. 2 have been not considered for the
evaluation of the rate constant. The recommendation for
channel (1) covers only an intermediate temperature
range of about 800 degrees.
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OH + CSHscHs -> HzO+CeHsCH2
-—> CGHscHaoH

T/K

2000 1000 500 400 300

T

EXPERIMENTAL DATA

Perry et al (k1) 1977

Perry et ol (k2) 1977
McLain et al (k1) 1979
Tully et of (k1) 1981

Tully et ol (k2) 1981

Ohto ond Ohyama (k2) 1985
Edney et ol (k2) 1986
Atkinson (k2) 1987

Baldwin ot of 1087

This Recommendotion (k1) 1989

-10.5 -

-11.0

Log(k/cm *molecule 's %)

-11.5

This R dotion (k2) 1989

(k1)

-12.0

1.0 2.0 3.0
10%T7 /K!
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OH + p-CsH4(CH3)2 g P-C5H4CH2CH3 + Hzo (1)
OH + p-CeHe(CHs)z (+ M) — p-CsHa(CHs).0H (+ M)  (2)

Rate Coefficient Data (k = ki + k2)

k[cm® molecule™! s77] T{K] Reference Comments

Rate Coefficient Measurements
ky = 122107 298 Doyle et al. (1975)! (a)
k, = 122107 298 Hansen et al. (1975) (b)
k, = 1510-1 298 Perry et al. (1977) (©)
k; = 6.310"2exp(+300/T) 296-325 d
ky = 6310~ exp(— 1200/T) 380-473 ()
k; = 8.810°12 298 Ravishankara et al. (1978)* ®
ky = 101071 298 ®
k» = 1.1-107% 298 (h)
k, = 141072 298-320 Nicovich et al. (1981)° (i)
k1 = 6.4-10~ 1exp(—1440/T) 500-960 G
ky = 141071 298 Ohta and Ohyama (1985)® (k)
k, = 1.410°1 296 Edney et al. (1986)7 o
k, = 1.510-1 208 Atkinson (1987)¢ (m)

Comments Reliability
Alogk, = = 0.1
(a) Experimentally measured relative rate coefficient. Alogk; = = 0.1

p = 1 bar.

(b) to (e) Flash photolysis-resonance technique. OH
radical concentrations monitored as a function of
time. p = 133 mbar.

(f) Flash photolysis-resonance technique. p = 4 mbar

(g) Flash photolysis-resonance technique. p =~ 27 mbar
He.

(h) Flash photolysis-resonance technique. p = 270 mbar
He.

(i) Flash photolysis-resonance technique.

(j) Same method as in comment (i).

(k) Experimentally measured relative rate coefficient.
p = 1 bar. Reference compound was hexane. H;O,
was the source of OH.

(1) Experimentally measured relative rate coefficient.
p = 1 bar. Reference compound was cyclohexane.
Methylnitrite was the source of OH.

(m) The source of the given experimental value is not
cited. p = 1 bar.

Preferred Values
ki = 6.410 "exp(—1440/T) cm® molecule™ s~! over

range 500-960 K
k = 1.4107"! cm® molecule ™! 5! over range 298-320 K

Comments on Preferred Values

The preferred value for k; is based on the data of
Nicovich et al 5. The recommended 4: is close to the high
pressure limit.

References
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(1975).
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(1977).
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Watson, G. Tesi, and D. D. Davis, Int. J. Chem. Kin. 18, 783 (1978).

*J. M. Nicovich, R. L. Thompson, and A. R. Ravishankara, J. Phys.
Chem. 85, 2913 (1981).

°T. Ohta and T. Ohyama, Bull. Chem. Soc. Jpn. 58, 3029 (1985).

7E. O. Edney, T. E. Kleindienst, and E. W. Corse, Int. J. Chem. Kin. 18,
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OH + p-CsH4(CH3)z e p-CsH4CHch3 + Hzo

—> P -C5H4(CH3)20H

T/K
2000 1000 500 400

I T T T

-11.0

Log(k/cm *molecule”'s ")

EXPERIMENTAL DATA

Doyle et al (k2) 1975 A
Hansen,Atkinson and Pitts (k2) 1975 A
Perry.Atkinson and Pitts (k2) 1977 4

Perry Atkinson ond Pitts (k1) 1977 A A
Ravishankara et al (k2)3Torr 1978 ] A
-115 + Rovishankara et ai (k2)200Torr 1978
Nicovich et al (k2) 1981

Nicovich et o (k1) 1981

Ohta ond Ohyama (k2) 198§

Edney et ol (k2) 1986

Atkinson (k2) 1987

OxX+0p=EO0 PR

This R dotion (k1) 1989

This Recor dation (k2) 1989

Ravishankara et ol (k2)20Torr 1978 A

10’17 /K?
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OH + CsHsczﬂs g CGHsczH.s + Hzo (1)
— CeH4C2Hs + H.0 (2)
OH + C¢HsC2Hs (+ M) — C¢H;OHC:H; (+ M) (3)

Thermodynamic Data
AH3gs (1) = —157.4 kJ mol~!
AS%s (1) = 0.9 JK™'mol~!?
K,(1) = 3.4 T~°' exp(+18850/T)

Rate Coefficient Data (k = ki + k2 + ks)

k[cm? molecule~! s~} T[K] Reference Comments
Rate Coefficient Measurements
8.0-10~12 305 Lloyd et al. (1976)! - (a)
7.510- 298 Ravishankara et al. (1978)* (b)
7.110-12 298 @©
8.010-12 298 (d)
6.810"12 298 Ohta and Ohyama (1985)° )
Comments Comments on Preferred Values

(a) Relative rates of disappearence of ethylbenzene in
air. p = 1 bar. Analysis by GC.

(b) Flash photolysis-resonance fluorescence technique at
pressure 4 mbar He.

(c) Same as comment (b); pressure 27 mbar He.

(d) Same as comment (b); pressure 270 mbar He.

(e) Photolysis at atmospheric pressure. Analysis by GC.

Preferred Values
k = 7.510"" cm® molecule ! s™' at 298 K and p < 1 bar
Reliability

Alogk = = 0.1
Alogki = = 0.1

The preferred value for k corresponds to the addition
channel and is the average value of the cited data.

References

!A. C. Lloyd, K. R. Darnall, A. M. Winer, and J. N. Pitts, Jr,, J. Phys.
Chem. 80, 789 (1976).

2A. R. Ravishankara, S. Wagner, S. Fischer, G. Smith, R. Schiff, R. T.
Watson, G. Tcsi, and D. D. Davis, Int. J. Chem. Kin. 10, 783 (1978).

*T. Ohta and T. Ohyama, Bull. Chem. Soc. Jpn. 58, 3029 (1985).

H.O (+ M) = H + OH (+ M)

Thermodynamic Data

AL = A00 LT wenl—1
mo:

AS5 = 109 JK~!mol?
K, = 278102 T'? exp(—S9800/T) atm

Rate Coefficient Data

k[cm?® molecule™! s1] T[K] M

Reference Comments

Rate Coefficient Measurements

Reviews and Evaluations

5.810-? exp(~52920/T) 2000-6000 N,
2.210~° exp(—52920/T) 2000—-6000 Ar
3.710-* exp(—52920/T) 2000-6000 H,0
5.810-° exp(— 52900/T) 2000-6000 N,

Baulch ef al. (1972)!

Tsang and Hampson (1986)?

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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Preferred Values

k = 5.8107° exp(—52920/T) cm® molecule™! s~! over
range 2000-6000 K for M = N,

Reliability
Alogk = = 05forM = N;

Comments on Preferred Values
The value preferred by Baulch et al.! is recommended
because no new experimental data are available.

References

ID. L. Baulch, D. D. Drysdale, D. G. Horne, and A. C. Lloyd, “Evalu-
ated Kinetic Data for High Temperature Reactions”, Vol. 1: “Homo-
geneous Gas Phase Reactions of the Hr-O, System”, London,
Butterworths (1972).

2W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1987
(1986).

HOz + HOz i HzOz + 02

Thermodynamic Data
AH39s = —157 kJ mol ™!
AS3s = —20.1 JK~!mol~!
K, = 8.11073 T3 exp(+19000/T)

Rate Coefficient Data

k[cm? molecule~! s=1] T[K] Reference Comments
Rate Coefficient Measurements
(1.5-3.0y10- 12 1000-1250 Troe (1969)! (@
1141013 exp(+1057/T) 276-400 Lii et al. (1979) )
3.8:107 !4 exp(+1250/T) 273-339 Cox and Burrows (1979)° (c)
4110713 exp( +630/T) 298-510 Patrick and Pilling (1982)* (d)
2.310~1 exp( +600/T) 230-420 Kircher and Sander (1984)° (e)
+ 841073 exp(+1100/T) [Ar]
2210~ exp(+620/T)
+ 1.9-103 exp(+980/T") [Nz}
(3.34,15,097)10712 298 , 418, 577 Lightfoot ez al. (1988)° ®
(92,97, 9.2)10-8 623, 677, 723
1.14-10712 771
Reviews and Evaluations :
3310712 300 Baulch er al. (1972)7 (®)
2.310-12 300 Baulch ef al. (1980)° (h)
6.8-10~ ™ exp(+1155/T) 300400 Kaufman and Sherwell (1983)° 0]
3310712 300-1200 Warnatz (1984)° G
3.010-2 300-1200 Tsang and Hampson (1986)*! (k)
5.0-10~12 exp(— 698/T) 570-770 Baldwin ef al. (1986)"2 O
2.1101° exp( - 5050/T) 300-1200 Lightfoot ef al. (1988)° (m)
+ 1810~ Pexp(+885/T)
5.7-10~ 12 exp(—2405/T) (n)

+ 1.8:10713 exp( +885/T)

Comments

(a) Thermal decomposition of H:O. behind reflected
shock waves in Ar carrier at total pressures between
0.6 and 12 atmospheres. Fitted k using complex
mechanism. Value of k sensitive to k(OH + H;0, —
H;O + HO;) and consequently value of k& may be
slightly too high.

(b) Pulse radiolysis of mixtures containing 1200 Torr of
H; and 5 Torr of O,, to produce H atoms rapidly con-
verted to HO.. Decay of [HO:] monitored by kinetic
spectroscopy at 230 nm.

(c) Molecular modulation photolysis of Cl, in the pres-
ence of excess H, and O,, or at lower pressures in the
presence of HCHO and O,. Total pressure varied be-
tween 3 and 760 Torr. [HO;] measured by UV ab-

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

sorption at 230 nm. k found to be independent of
pressure above 25 Torr.

(d) Flash photolysis of anhydrous Cl/CH-OH/O; mix-
tures in Ng; total pressure of 700 Torr. [HO,] mea-
sured by UV absorption at 227.5 nm.

(e) Flash photolysis of Cl/CHs;OH/O: mixtures. [HO]
measured by UV absorption at 227.5 nm. Total pres-
sure between 100 to 700 Torr with Ar and N.. Au-
thors observed both a zero-pressure bimolecular
component and a termolecular component linearly
dependent on pressure up to 700 Torr. Rate con-
stants also determined when up to 10 Torr of H,O
added.

(f) Flash photolysis of Cl,/CH3;OH/excess air mixtures at
atmospheric pressure. [HO,] measured by UV ab-
sorption between 200 and 227.5 nm. Allow for varia-
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tion of extinction coefficient with temperature. No
systematic dependence of k on experimental condi-
tions other than temperature was observed, but pres-
sure was not varied. Suggest a minimum value of k at
about 700 K.

(g) Based on very limited data at room temperature.

(h) Recommend for atmospheric pressure only.

(i) Based on the results of Cox and Burrows® and of Lii
etal 2. Values recommended refer to atmospheric
pressure in the absence of H,O and NHa.

(i) Recommended without comment.

(k) Recommended as best value for a wide temperature
range.

(1) A direct bimolecular abstraction reaction assumed at
temperatures above 600 K. Troe’s! value of k com-
bined with a thermochemically-calculated A factor to
give the activation energy quoted.

(m) Authors fitted a double Arrhenius expression to
Troe’s' single value of k at about 1150 K and their
values at 760 Torr obtained between 298 and 777 K.

(n) An alternative fit to the above data based on the A
factor recommended by Baldwin et al .'%; Troe’s value
is effectively ignored.

Preferred Values

k = 3.1-107*2 exp(—775/T)cm® molecule~! s~! between
550 and 1250 K

Reliability
Alog k = %= 0.15 between 550 and 800 K, rising to +
0.3 at 1250 K

Comments on Preferred Values

The reaction is very important in combustion chemistry
over the range 600—-1200 K. Fortunately, a single, reliable
recommendation may be made over this range. The graph
shows data obtained above room temperature at pres-
sures near to atmospheric (see comments). Troe’s! single
value of k was obtained from a study betweeen 0.6 and 12
atmospheres, and the Lii ef al.? data were obtained at
1200 mmHg. Also shown is a theoretical estimate of k by
Patrick, Golden, and Barker"™ over a wide range of tem-
peratures for 700 mmHg of Na. Below about 500 K, the
rate constant varies with pressure and is particularly sen-

sitive to the presence of polar gases such as H,O and
NH;. The existence of a negative temperature coefficient
below 500 K is clearly established. Recommendation for
the value of k below 500 K have been made by the [U-
PAC group™. Studies by Kircher and Sander’, Lii et al 2,
Lightfoot, Veyret, and Lesclaux® all suggest that k be-
comes independent of pressure above about 500 K, and
this is supported by the theoretical study®. Above 500 K,
the recommendation is based on (i) Troe’s shock-tube
data point, which is sensitive to K(OH + H,0,) required
in a complex interpretation, (ii) the slight evidence ob-
tained by Lightfoot, Veyret, and Lesclaux® for a minimum
value for k at about 700 K, (iii) the theoretical study®
which predicts a minimum at about 1000 K and then a
steady increase in k up to 3000 K. Full details of the low-
temperature data are given in the CODATA compila-
tion™. "

To give a complete picture of the state of the data all
of experimental results are included on the graph irre-
spective of whether the data are referenced in the text.

References
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HO; + HO, —» H:0. + O,
T/K

-10.0

-10.5

-11.0

Log(k/cm *molecule 's ™)

-11.5

-12.0

2000

1000

500

400

T

< >IEG00044<GO0X+ [ 4= JoF 2] ||

T
EXPERIMENTAL DATA

Troe 1969

Hochanadel et ol 1972
Lii et af 1979

Tokocs ond Howord 1986
Poukert and Johnston 1972
Vardonyan et ol 1974
Hamilton and Lii 1977
Groham et ol 1979

Cox and Burrows 1979
Burrows et at 1979
Hochanadel et al 1980
Thrush ond Tyndoll 1982
Thrush ond Tyndall 1982
Potrick and Pilling 1982
DeMore 1982

Simonaitis and Heicklen 1982
Sander et ol 1982
Sander 1984
Rozenschtien et al 1985
Tocaks ond Howord 1984
Catell ond Cox 1986
McAdam et of 1987
Baldwin et ol 1984
Andersson et of 1988
Ligntfoot et ai 1988

This Recommendation 1989

0.5

1.0
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HOz + NHz i d 02 + NH3 (1)
- HNO + H.0 (2)

Thermodynamic Data
AHggs (1) = —-247kJ lIl()l-1
AS30s (1) = —25.9 JK~'mol~?
K,(1) = 1.73:10~2 T™lexp( +29800/T)

AHBs (2) = —343kJ mol~!
AS3s (2) = —14.3 JK~'mol~?
K,(2) = 0.472 T-9138 exp(+41200/T)

Rate Coefficient Data (k = k; + k2)

k[cm?® molecule ~! s~1] T[K] Reference " Comments
Rate Coefficient Measurements .
2.510~1 298 Cheskis and Sarkisov (1979)* (a)
2.710-1 349 Pagsberg, Eriksen, and Christensen (1979)? (b)
Reviews and Evaluations
3.410°4 298 CODATA (1984)% (©)
- Lesclaux (1984)* (d)
Comments Comments on Preferred Values

(a) Flash photolysis of NHs/O, mixtures. [NH2] decay
monitored by intracavity laser absorption spec-
troscopy at 598 nm. Reported value is based on ratio
k/k(NHz + NH,) = 1.1 at 570 Torr N> and k (NH, +
NH;) = 25107 c¢m’® molecule™! s™! 6, Measure-
ments at 100 Torr N, give same value of k.

(b) Pulse radiolysis of NHs/O, mixtures. [NH;] decay
monitored by absorption spectrometry at 598 nm.
Absence of any effect of O, on the [NH,] decay inter-
preted to imply that k = k(H + NH). Value re-
ported is value of k(H + NH;) determined in same
study.

(c) Evaluation of room temperature data.

(d) Comprehensive review; no recommendation.

Preferred Values

k& = 2.6:107" om® molecule™ 7! gver range 300400 K

Reliability
Alog k = = 0.4 over the range 300400 K

There are no recent studies of this reaction; all previ-
ous Refs. have been reviewed®, There are two published
studies'? both giving rate constant ratios using different
Ref. reactions but leading to values of k in excellent
agreement. The recommended value is based on these.
There is also some unpublished work of Kurasawa and
Lesclaux® suggesting a value of k a factor of 2 higher. The
recommended error limits encompass this value.

There are no measurements of branching ratios, Les-
claux, mainly on the basis of unpublished work, concludes
that the most likely path is channel (2) but (1) probably
occurs also.

References

!S. G. Cheskis and O. M. Sarkisov, Chem. Phys. Lett. 62, 72 (1979).

2p. B. Pagsberg, J. Eriksen, and H. C. Christensen, J. Phys. Chem. 83,
582 (1979).

3CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox,
R. F. Ilampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys. Chem.
Ref. Data 11, 385 (1982).

“R. Lesclaux, Rev. Chem. Intermed. 5, 347 (1984).

*H. Kurasawa and R. Lesclaux, results presented at 14th Informal Con-
ference on Photochemistry, Newport Beach, CA, March 1980.

P. V. Khe, J. C. Soulignac, and R. Lesclaux, J. Phys. Chem. 81, 210
(1977).
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HO; + CH; — OH + CH:0 (1)

— 02+ CH, 2)
Thermodynamic Data
AH3s (1) = —101 kJ mol~? AHSs (2) = —231 kJ mot~!
AS3es (1) = —11.0 J K~ 'mol ! AS3s (2) = —31.9 JK~'mol~!
K,(1) = 9.3310~2T®exp( + 12300/T) K,(2) = 2.53-10~2T ~*%exp( +27900/T)

Rate Coefficient Data

k[cm?® molecule~s~!] TK] Reference Comments

Rate Coefficient Measurements

ky = 31071 1030-1115 Colket, Naegeli, and Glassman (1977)! (a)
Reviews and Evaluations
ky = 3.3107 300-2500 Tsang and Hampson (1986)* (b)
k, = 6.010°12 300-2500
Comments Reliability

Alog ki = =+ 1.0 over range 600-1200 K
(a) Study of the oxidation of CH3CHO in a turbulent
flow reactor at atmospheric pressure with end-  Comments on Preferred Values
product analysis by GC. Reaction (1) was proposed We have recommended the value of k; determined in-
to account for the oxidation of CH; and a value of kK directly by Colket et al.! but with wide error limits to indi-
was selected to obtain rate coefficients for other re-  cate the large uncertainty. Direct measurements of the
actions in the mechanism consistent with literature = rate coefficient and its temperature dependence are
data. needed.
(b) k; taken from study of Colket et al.! and k; estimated
from k= k-2Ka. It should be noted that the value of

. oL . feren
k-2 is very uncertain in this calculation. References

M. B. Colket, D. W. Naegeli, and 1. Glassman, 16th Symp. (Int.) Com-
bust., 1023 (1977).

2W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15,1087

ki = 310~ "cm® molecule~'s™! over range 600-1200 K (1986).

Preferred Values

HO: + CH; — H:0: + CH3

Thermodynamic Data
AH3g = 74.0 kJ mol ™!
AS3¢ = 11.9 I K 'mol !
K, = 0.321 T°48 exp(—8950/T)

Rate Coefficient Data

k{cm® molecule™! s™!] Temperature [K] Reference Comments

Rate Coefficient Measurements

42101 716 Baldwin, Jones and Walker (1988)! (a)
Reviews and Evaluations
3.0-10~ 2 exp(—9350/T) no range quoted Tsang and Hampson (1986)° (b)
1.5:107 exp(—12440 /T) 625-1275 Baldwin, Jones, and Walker (1988)! (©
Comments exp(—775/T) cm® molecule™' s~! for HO; + HO; —

H;0; + O, (see present recommended value).
(a) Decomposition of tetramethylbutane in presence of  (b) Estimate based on relation given by Walker® for HO,
0, as source of HO, with GLC analysis for products. attack on alkane.
Competitive study giving k/k,\'% ki = 3.1107%

J. Phys. T"hem. Ref. Data, Vol. 21, No. 3, 1992
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(c) Assumed A factor (per C—H bond) in Arrhenius ex-
pression is the same for HO; + CH, and HO; +
C;Hs, activation energy calculated from single tem-
perature point.

Preferred Values

k = 1.5107" exp(—12440/T) cm® molecule™ s~! over
range 600-1000 K

Reliability
Alog k = = 0.1 at 700 K rising to = 0.2 at 600 K and
+ 0.3 at 1000K

Comments on Preferred Values
The value at 716 K is the only experimental determina-

609

tion of k. The value of k/k;'? is reliable and any error in
ki is reduced by 50% in calculating k. The preferred value
of k is based on the single determination and thermo-
chemical considerations involving the reliable values of
the rate constant for HO, + C,Hs. The constants in the
preferred value of k are reasonable for the reaction but
if k is of the form A T" exp(E/RT) with n likely to be be-
tween 2 and 3, then extrapolation will lead to low values
of k above 1000 K.

References

IR. R. Baldwin, P. N. Jones, and R. W. Walker, J. Chem. Soc., Faraday
Trans. 2, 84, 199 (1988).

2W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1986).

3R. W. Walker, in “Gas Kinetics and Energy Transfer”, Specialist Peri-
odical Report, Chemical Society, London, Vol. 2, 296 (1977).

HO; + HCHO — H:0, + CHO

Thermodynamic Data
AHByy = 12.9 kJ mol 1!
AS3s = 9.8 JK~'mol !
K, = 0.673 T2 exp(+9840/T)

Rate Coefficient Data

k[cm® molecule=? s~} TIK] Reference Comments
Ratc Cocfficient Mcasurcments
k/k(HO; + CO) = 340 798 Blundell et al. (1965)! (a)
k/k(HO> + CO) = 280 798 Hoare et al. (1967) (b)
k/k°% (HO, + HOz) = 9.2:107%° 773 Baldwin ef al. (1972)3 (©)
1.9-10~"! exp(—5230/T) 773-973 Vardanyan et al. (1971)* (d)
Reviews and Evaluations
171012 exp( — 4030/T) Lloyd (1974)° (©)
3.3.10~12 exp(—5870/T) Walker (1975)% ®
3310~ 2exp(— 5870/T) Tsang and Hampson (1986)” 3]

Comments

(a) Study of the combustion of CH, in HF washed vessel.
Attack of HO; on intermediate HCHO and CO com-
pared by measuring O,, CHs, CO, CO,, HCHO, and
H;0..

— k = 2.810"* cm® molecule™! s~
Hampson’s k(HO; + CO) is used.

(b) Same as (a) with boric acid coated vessel.

— k= 2310""* cm® molecule™! s~! if Tsang and
Hampson’s k(HO; + CO) is used.

(c) Measurement of the effect of HCHO in reducing the

induction times of Hy/O,/N, mixtures.
> k = 1.6107% cm® molccule™! 57! if Tsang and
Hampson’s k(HO; + HO,) is used.

(d) ESR detection of HO: during oxidation of HCHO.

H;0; and HCHO trapped to measure H,O; accumu-

! if Tsang and

lation and HCHO decay. & calculated assuming H.O;

concentrations governed only by the HO/HCIHO re-
action, i.e. HO, + HO; — H;0; and H:0; + M —

2 OH are assumed to have a negligible effect on mea-
sured H;O..

(e) Arrhenius factor A estimated. Combination with re-
ported values leads to temperature dependence. Ab-
solute values from relative rate studies are different
however from above because of different Ref. rate
constants.

(f) Based on the result of Baldwin eral. Assumed A
leads to temperature dependence. A factor assump-
tion based on a value of 1.7-10~*? cm® molecule ™ 5!
per C—H bond.

(g) Recommend Walker’s expression.

Preferred Values

k = 5.0107* exp(—6580/T) cm*® molecule™! s~ over
range 600-1000 K

Reliability
" Alog k = =+ 0.5 over range 600-1000 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 19382
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Comments on Preferred Values

The preferred value is based on the determination of
Baldwin et al 2 at 773 K together with an assumed A fac-
tor of 5.0-10~*? cm® molecule ~* s~1. The only temperature
dependence study gives a value for & at 773 K which is a
factor of 20 higher and is considered unreliable.

References

!R. V. Blundell, W. G. A. Cook, D. E. Hoare, and G. C. Milne, 10th
Symp. (Int.) Combust., 445 (1965).

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

2D. E. Hoare and G. C. Milne, Trans. Farad. Soc. 63, 101 (1967).

3R. R. Baldwin, A. R. Fuller, D. Longthorn, and R. W. Walker, J.
Chem. Soc., Faraday Trans. 1, 68, 1362 (1972).

‘L. A. Vardanyan, G. A. Sachyan, and A. B. Nalbandyan, Comb. Flame
17, 315 (1971).

SA. C. Lloyd, Int. J. Chem. Kin. 6, 169 (1974).

SR. W. Walker, in “Reaction Kinetics”, ed. P. G. Ashmore, (Specialist
Periodical Reports), The Chemical Society, London, Vol. 1, 161
(1975).

"W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1986).
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HOz + HCHO -> HzOz + HCO

T/K

2000 : 1000

>4 ||

EXPERIMENTAL DATA
Blundell et ol 1985
Hoare et ol 1976

Baldwin et al 1972

Vordanyan et ol 1971

This Recommendation 1989

0.5 1.0
10377 /K
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H02 + C2H4 -> C2H40 + OH

Rate Coefficient Data

k[cm® molecule ! s™1] Temperature [K] Reference Comments
Rate Coefficient Measurements
1.610-7 3 Walker (1973)! ()
4.810-"7 773 Baldwin and Walker (1981)2 ®)
10510~ exp(—9590/T) 673-773 Baldwin et al. (1984)° ©
3.7:10~ 2 exp( - 8650/T) 653-773 Baldwin e al. (1986)* @
Reviews and Evaluations
No reliable reviews
Comments Comments on Preferred Values

(a) Thermal oxidation of HCHO used as source of HO,.
Mcasurement of relative yields of CO and oxirane
gave k/k(HO, + HCHO) = 0.016 at 773 K. Use’® of
k(HO; + HCHO) = 9.8-107* cm® molecule™ s7!
(based on k(HO, + HO») = 3.1-:10 exp(—775/T)
cm® molecule™! 57! %) gives the absolute value of k.

(b) Addition of C;H, to slowly reacting mixtures of H; +
02, and measurement of yield of oxirane. Computer
interpretation to determine [HO,).

(c) Decomposition of tetramethylbutane in presence of
0O, in KCl-coated vessels as source of HO; radicals,
with GLC analysis of products. Competitive studies
give k/k,*.
ki = 3.1-107"* exp(—775/T) cm® molecule ™ s™* for
reaction HO; + HO, — H;0; + O, Later* shown
that values of k are slightly too high above 723 K.

(d) Similar study to that referred to in comment (c), but
aged-boric-acid-coated vessels used. Lack of surface
effects makes results more reliable.

Preferred Values

k = 3.7107" exp(—8650/T) cm® molecule™! s~! over
range 600-900 K

Reliubility
Alog £ = % 0.15 between 600 and 750 K, rising to

+
+ 0.25at 900 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

No absolute determinations of £ have been made, and
all are based on measurements of oxirane. The values of
k/k™ in the Baldwin, Dean, and Walker study* are reli-
able, and any error in k, is reduced by 50% in calculating
k. The preferred values for k form part of a consistent set
of data for HO- addition to a number of alkenes’. On the
basis of this it has been argued that the rate parameters
do refer to the addition steps HO» + CH; —
CH,CH,OOH?*". This reaction is unlikely to be impor-
tant in combustion chemistry above 900 K.

The recommended values are preferred to those of a
previous study® which was carried out in KCl-coated ves-
sels as it is possible that [HO,] may be affected by a small
amount of radical generation at the surface above 720 K.

References

!R. W. Walker, 14th Symp. (Int.) Combust., 265 (1973).

2R. R. Baldwin and R. W. Walker, 18th Symp. (Int.) Combust., 819
(1981).

3R. R. Baldwin, D. E. Hopkins, D. G. Malcolm, and R. W. Walker,
Oxid. Comm. 6, 231 (1984).

“R. R. Baldwin, C. E. Dean, and R. W. Walker, J. Chem. Soc., Faraday
Trans. 1, 82, 1445 (1986).

R. R. Baldwin, A. R. Fuller, D. Longthorn, and R. W. Walker, J.
Chem. Soc., Faraday Trans. 1, 68, 1362 (1972).

See recommendation for k<(HO,+ HO; — H;0; + Oy).

7S. K. Gulati, S. Mathcr, and R. W. Walker, J. Chem. Soc., Faraday
Trans. 11, 83, 2171 (1987).
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H02 + 02H4 -> CzH40 + OH

T/K
2000 1000

T

T

L |=}

EXPERIMENTAL DATA
Walker 1973

Boldwin and Walker 1981
Baldwin et ol 1984
Baldwin et al 1986

This Recommendation 1989

0.5 1.0 1.5
1077t k!
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HO. + C:Hs — H.0, + C:Hs

Thermodynamic Data
AH543 = 54.5 kJ mol ™!
AS%0s = 26.5 JK 'mol™!
K, = 51.8 T~%%2 exp( ~6650/T)

Rate Coefficient Data

k [em® molecule ! 5s™!] Temperature [K] Reference Comments
Rate Coefficient Measurements

9.510- 1 734 Hoare and Patel (1969)! (a)

201071 773

22210~ exp(—-10335 /T) 673-173 Baldwin ef al. (1986) (b)
Reviews and Evaluations

1.7:10~12 exp(—7050/T) - Lioyd (1974)3 (©)

4910~ exp(—7520/T) 300-800 Walker (1977)* d

1.010~ ! exp(—9770/T) 300-1000 Warnatz (1984)° (©

Comments Reliability
Alog k = = 0.1 between 670 K and 770 K rising to +

(a) Oxidation of CHJ/CH¢ mixtures. Ohtained 02 at500K and + 0.3 at 1000 K

k/k(HO; + CO) = 3.8 + 0.7 and 0.4 at 773 K and
734 K, respectively. Authors consider values unreli-
able. Values of k obtained from k(HO; + CO) =
2.5:107"° exp(—11870/T) cm® molecule ™' s ™! given by
Baulch et al b,

(b) Decomposition of tetramethylbutane in presence of
O; as source of HO; radicals, with GLC analysis of
products. Competitive studies giving k /k;'?;
ki = 31107 exp(—775/T) cm® molecule™" s~* for
HO:; + HO; —» H;0; + O; (see present recom-
mended value).

(c) An upper limit for k, based on early H. + O, addi-
tion studies by Baldwin et al 3,

(d) Estimate based on rate constant for HO, attack on
i-butane and 2,3-dimethylbutane.

(e) Recommended without comment, but based on an
estimate by Baldwin and Walker’.

Preferred Values

k = 2.22:107" exp(—10335/T) cm® molecule ™' s™! over
range 500-1000 K

Comments on Preferred Values

The only reliable experimental results are those of
Baldwin er al. The values of k/k,'? are reliable and any
error in k; is reduced by 50% in calculating k. The con-
stants in the preferred expression are reasonable, but if k
is of the form A T" exp(E /RT) with n likely to be between
2 and 3, then extrapolation will lead to low values of k
above 1000 K.

References

!D. E. Hoare and M. Patel, Trans. Faraday Soc. 65, 1325 (1969).

2R. R. Baldwin, C. E. Dean, M. R. Honeyman, and R. W. Walker, J.
Chem. Soc., Faraday Trans. 1, 82, 89 (1986).

3A. C. Lloyd, Int. J. Chem. Kin. 6, 169 (1974).

4R. W. Walker, in “Gas Kinetics and Energy Transfer”, Specialist Peri-
odical Review, Chemical Society, London, Vol 2, 297 (1977).

5J. Warnatz, in “Combustion Chemistty”, ed. W. C. Gardiner, Springer-
Verlag, New York (1984).

D. L. Baulch, D. D. Drysdale, J. Duxbury, and S. Grant, Evaluated Ki-
netic Data for High Tempcrature Reactions, Vol. 3, 263, Butter-
worths, London (1976).

R. R. Baldwin, J. P. Bennett, and R. W. Walker, 16th Symp. (Int.)
Combust., 1041 (1977).

HO; + CH;CHO — CH,;CO + H.0:

Thermodynamic Data
AHZy = —3.85 kJ mol™?
AS%s = 6.78 JK~! mol~!
K, = 2.13 T%% exp(+385/T)

Rate Coefficient Data

k [cm® molecule~! s1] T[K] Reference Comments
Rate Coefficient Measurements
2.810~12 exp(—5350/T) 1030-1115 Colket et al. (1975)! (@

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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Comments

(a) High temperature oxidation of CH;CHO (1030-
1115 K). Turbulent flow — stable species determined
by GC. The time dependence of [CH:CHO], [H,],
[COJ, [CH,], [C: He], [CO:), [C; Ha), and [HCHO] re-
sults modelled by a 25 reaction chemical scheme.
Rate constants were derived for 4 reactions.

Preferred Values

k = 50107 exp(—6000/T) cm® molecule™ s™! over
range 900-1200 K

Reliability ]
Alog k = = 0.7 over range 900-1200 K

Comments on Preferred Values

The experimental value of Colket ez al.is compatible
with the current knowledge of HO; abstraction reactions
although the determination was very indirect. The pre-
ferred expression is based on a value of 1.7-10~% cm?
molecule™! s~ at 1050 K from this study and an assumed
A factor of 5.0-10~"2 ¢cm® molecule ™! 57! .

References

M. B. Colket, D. W. Naegeli, and I. Glassman, 16th Symp. (Int.) Com-
bust., 1023 (1976).

H.0. (+ M) — OH + OH (+ M)

Thermodynamic Data

AH39s = 214 kJ mol™!

ASS0s = 134 JK~!mol—?

K, = 4.42107 T~°%! exp(—26000/T) atm

Rate Coefficient Data

k[s~] T[K] [M] [molecule cm™3] Reference Comments
Rate Cocfficient Measurements
Low Pressure Range
[Ar] 3.0-10~# exp(~—21600/T) 450-1450  (0.5-5)-10" Kijewski and Troe (1972)! (a)
Intermediate Fall-off Range
2.0-10" exp(—21600/T) 1100-1300  1.210% (Ar) Meyer et al. (1969)2 (b)
Reviews and Evaluations
ko = [N;] 2.0-10-7 exp(-22900/T) 700-1500 Baulch ¢t al. (1972)3 (<)
ko = [N2] 3.6:1015 T ~4% exp(—26795/T) 500-1500 Tsang and Hampson (1986)* (d)
ko = [Ar] 10775 exp(—21640/T) 1000-1400 Brouwer et al. (1987)° (e)
ko = 10"47 exp(—24374/T) 1000-1500
F.(Ar) = 05 500-1500

Comments

(a) Shock wave experiments of H.O, decomposition
monitoring UV absorption from H;O; and HO,. Mi-
nor correction of earlier results from Refs. 2 and 6
taking into account water content of the shock-
heated HOJ/Ar mixtures.

(b) As comment (a).

(c) Comprehensive review of static reactor, flow system,
and shock wave results including Refs. 2 and 6.

(d) Based on Ref. 3. RRKM calculations of the forward
and reverse reaction are given.

(e) Theoretical evaluation of low pressure, high pres-
sure, and fall-off data for dissociation and recombi-
nation in comparison to energy-resolved dissociation
lifetime measurements after laser excitation.

Preferred Values

ko = [Ar] 3.0107® exp(—21600/T) s~* over range 1000~

1500 K
ko = |Nz] 2.0-1077 exp(—22900/T) s~* over range 700-
1500 K
ke = 3.010" exp(—24400/T) s™' over range 1000-
1S00 K

F. = 0.5 for M = Ar over range 700-1500 K

Reliability
Alog ks = = 0.2 over range 700-1500 K
Alog k. = #+ 0.5 over range 700-1500 K
AF. = *= 0.1 over range 700-1500 K

Comments on Preferred Values

The preferred values represent the experimental results
in satisfactory comparison with theoretical modelling.

J. Phys, Chem. Ref. Data, Vol. 21, No. 3, 1992
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The high pressure data are from a single experiment only
and, therefore, require independent confirmation. How-
ever, they are consistent with non-thermal dissociation
results.

References

'H. Kijewski and J. Troe, Helv. Chim. Acta 55, 205 (1972).
2E. Meyer, H. A. Olschewski, J. Troe, and H. Gg. Wagner, 12th Symp.
(Int.) Combust., 345 (1969).

3D. L. Baulch, D. D. Drysdale, D. G. Horne, and A. C. Lloyd, “Evalu-
ated Kinetic Data for High Temperature Reactions”, Vol. 1: “Homo-
geneous Gas Phase Reactions of the Hx>-O, System”, London,
Butterworths (1972).

‘W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1986).

SL. Brouwer, C. J. Cobos, J. Troe, H. R. Diibal, and F. F. Crim, J. Chem.
Phys. 86, 6171 (1987).

%J. Troe, Ber. Bunsenges. Phys. Chem. 73, 946 (1969).

N+CN—->N.+C

Thermodynamic Data
AH305 = —191 kJ-mol !
ASSs = —6.22 J-K~'mol !
K, — 0.937 T—095 exp (+22900/T)

Rate Coefficient Data

k[ cm® molccule=! s~ ] T{K] Refeicnce Comments
Rate Coefficient Measurements
1.0-10-1° 300 Whyte and Phillips (1983) (a)
Reviews and Evaluations
- Baulch et al. (1981)® - (b)

Comments

(a) Fast flow system, CN generated by pulsed laser pho-
tolysis of C;N; at 193 nm. N generated by electrical
discharge in N; and [N] measured by titration with
NO. [CN] decay in excess N monitored by laser in-
duced fluorescence. Total pressures 1.5-3.5 Torr.

(b) Survey of all data to 1980; no recommendation.

Preferred Values
k = 310" cm® molecule ™! s~ over range 300-2500 K

Reliability
Alog k = % 1.0 over range 300-2500 K

Comments on Preferred Values

Results up to 1980 have been reviewed?. Only more re-
cent results are tabulated.

The mechanism of the reaction of CN radicals with N
atoms is not well understood. It is not clear whether N,
molecules are formed directly by the reaction CN + N —

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

C + N;or by the sequence N + CN - CN; + M, N +
CN; — CN + Nu. The only data at high temperatures
comes from Slack and Fishburne®. These data have been
re-evaluated by Slack*®.- Confirmatory studies are re-
quired before they can be recommended.

At low temperatures the measurements scatter over
four orders of magnitude. The most recent study gives a
value of k at 300 K comparable with the only high temper-
ature data.

The recommended value together with the substantial
error limits encompass the high temperature and recent
low temperature data.

References

'A. R. Whyte and L. F. Phillips, Bull. Soc. Chim. Belg. 92, 635 (1983).

2D. L. Baulch, J. Duxbury, S. J. Grant, and D. C. Montague, “Evaluated
Kinetic Data for High Temperature Reactions”, Vol. 4, Homoge-
neous Gas Phase Reactions of Halogen- and Cyanide-containing Spe-
cies. J. Phys. Chem. Ref. Data 10, Suppl. 1 (1981).

3M. W. Slack and E. S. Fishburne, J. Chem. Phys. 52, 5830 (1970).

“M. W. Slack, Proc. 10th Int. Shock Tube Symp., 544 (1975).

SM. W. Slack, J. Chem. Phys. 64, 228 (1983).
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N + NCO — NO + CN )

Thermodynamic Data
AH30 (1) = —107 kJ mol !
AS (1) = —2.79 JK~'mol-!
K,(1) = 2.6810* T~°%5 exp(+12500/T)

— N2 + CO (2)

AH3 (2) = —743 kJ mol ™!
AS39 (2) = —3.73 JK"mol !

K,(2) = 5.2010° T~ exp(+88900/T)

Rate Coefficient Data (k = ki + k2)

k[cm?® molecule ™! s™] T[K] Reference ' Comments
Rate Coefficient Measurements
k= 1710°% 1700 Lifshitz and Frenklach (1980)! (a)
k; = 331071 1700
comments Louge and Hanson®* have calculated values of k; from

the equilibrium constant and the only measured values of

(a) Measurement of the induction time for ignition be-  k_, by Colket*. They obtain
hind reflected shocks in C;N/O/Ar mixtures. Values &, = 7.6-107 10 exp(—5580/T") cm? molecule ™! s~! over the
of k obtained by computer fitting to assumed reaction  range 2150-2400 K. Using Colket’s expression for k_; and
mechanism. Fitting reasonably sensitive to value of k,  more recent thermodynamic data, we obtain

but not to k.

Preferred Values

k2 = 3.3:10~" cm® molecule™! s~ at 1700 K

Reliability -
Alogk, = = 0.5 at 1700 K

Comments on Preferred Values

There have been no direct measurements of the rate

ki = 4.6107¢ T~%% exp(—8690/T) cm® molecule™! 571
over the same temperature range. This gives a value close
to that assigned to k; at 1700 K by Lifshitz and Frenklach!
confirming the predominance of channel (2).

- We accept the only experimental data available for k;
as our recommended value but with large error limits.

References

'A. Lifshitz and M. Frenklach, Int. J. Chem. Kin. 12, 159 (1980).
*M. Y. Louge and R. K. Hanson, Int. J. Chem. Kin. 16, 213 (1984).

coefficients of this _rez}cno-n. The two 1channels hz}ve been 3M. Y. Louge and R. K. Hanson, Comb. Flame 58, 291 (1984).
assumed to be of similar importance’ but there is no ex- 4\, B. Colket, Am. Chem. Soc. 183rd Meeting, Abstr. of Papers, Phys.

perimental confirmation.

7 (1982).

NH+ O, >NO +OH (1)

— NO: + H (2)
— HNO + O (3)

Thermodynamic Data (See Comments on Preferred Values)

AH393 (1) = —227 kJ mol ™!
A8 (1) = 8.05 JK™'mol~*
K,(1) = 8.27 T~%%xp(+27200/T)

AH3e5 (3) = —7.73 k) mol~*
AS3s (3) = 4.65 JK~'mol~*
K,(3) = 9.641072 T*®exp(+ 1060/T)

AH;gg (2) = —105 kJ mol—l
AS3 (2) = —31.7 JK™'mol~!
K,(2) = 2.22107* T*Sexp(+12900/T)

Rate Coefficient Data (k = ky + k. + kj)

Reference  Comments

k[cm® molecule~! s~1) TIK]
Rate Coefficient Measurements
85101 296
< 3.32:10-% 300
1.2610-%3 exp(—770/T) 268-543

Reviews and Evaluations

Zetzsch and Hansen (1978)! (a)
Pagsberg et al. (1979)* (b)
Hack, Kurzke, and Wagner (1985)3 ©)
Hanson and Salimian (1984)* (d)
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Comments

(a) Flash photolysis study. NH generated by photolysis of
NH3/O2/He mixtures. [NH] monitored by resonance
fluorescence. No effect of changes in total pressure
observed.

(b) Pulse radiolysis of NH/O; mixtures. [NH] monitored
by absorption spectroscopy. Decay of [NH] fitted by
computer modelling of reaction mechanism.

(c) Discharge flow system. NH produced by the se-
quence F + NH; - NH; + HF,NH; + F—> NH +
HF. [O] and [H] monitored by resonance fluores-
cence and [NH] and [OH] by laser induced fluores-
cence. Reaction NH + O('j;) — products also
studied; £ < (1 = 2)10™" cm® molecule™! s~ ob-
taincd for it.

(d) Review of all data to 1984; theoretical expression due
to Miller ez al ’ suggested but no expression recom-
mended.

Preferred Values

k = 1.26:107" exp(—~770/T) cm® molecule™ s™' over
range 270-550 K

Reliability
Alog k = = 0.2 at 270 K rising to + 0.5 at 550 K

Comments on Preferred Values

The preferred rate expression is that of Hack eral.?
with which the k value of Zetzsch and Hansen' at 296 K
is in close agreement, but wide error limits are assigned
reflecting the lack of confirmatory data over the temper-

ature range. There is only one experimental measure-
ment of the temperature coefficient of k and, in view of
the low values of the pre-exponential factor and E/R,
there may be appreciable upward curvature of the Arrhe-
nius plot. Extrapolation to higher temperature is thus
very uncertain.

Hansen and Salimian* quote an expression derived by
Miller etal’ (k = 1.66:10~" exp(—6000/T)) but this
gives values much lower than the sparse experimental
data available.

The only experimental information on the branching
ratios comes from the work of Hack ef al > who observed
no H atom production in their study at 268-543 K. They
favour channel (1) as the predominant channel.

Theoretical calculations by Melius and Binkley® favour
channels (1) and (2) as the most likcly low temperature
paths with channel (3) becoming dominant at higher tem-
peratures. :

The thermodynamic data should be used with caution.
There are significant uncertainties associated with the
data on NH.

Reterences

IC. Zetzsch and I. Hansen, Ber. Bunsenges. Phys. Chem. 82, 830 (1978).

2P. B. Pagsberg, J. Eriksen, and H. C. Christensen, J. Phys. Chem. 83,
582 (1979).

3W. Hack, H. Kurzke, and H. Gg. Wagner, J. Chem. Soc., Faraday
Trans. II, 81, 949 (1985).

“R. K. Hanson and S. Salimian, in “Combustion Chemistry”, ed. W. C.
Gardiner, Springer-Verlag, New York (1984).

51. A. Miller, M. D. Smooke, R. M. Green, and R. J. Kee, Fall Meeting
Western Sec. Comb. Inst. (1982).

SC. F. Melius and J. S. Binkley, in “The Chemistry of Combustion Pro-
cesses”, ed. T. M. Sloane, A. C. S. Symp. Series 249, 103 (1984).

NH + NO —> H + N.0 (1)
— HN; + O @)
— Nz + OH 3)

Thermodynamic Data (See Comments on Preferred Values)
AH3o (2) = 47.5 kJ mol~}

As‘z,qg (2) = —6481] K"mol"'

K,(2) = 3.5810~2 T0¥6exp(—5530/T)

AH3o4 (1) = —147 kJ mol ™!
AS3s (1) = —57.3 JK~'mol~!
K,(1) = 4.6410~7 T exp( +18100/T)

AH3u (3) = —408kJ mol -
AS3s (3) = —~16.7 J K~'mol-*
K,(3) = 0.484 T~ cxp(+49000/T)

Rate Coefficient Data (k = k, + k; + ka)

k[cm® molecule ! s~1] T{K] Reference Comments
Rate Coefficient Measurements
4,810~ 300 Cox, Nelson, and McDonald (1985)! (a)
5.78-10~% 269-373 Harrison, Whyte, and Phillips (1986)* (b)
Reviews and Evaluations
- Hanson and Salimian (1985)3 (©)
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Comments

(a) Pulsed laser photolysis of N;H,/He/NO mixtures at
266 nm in flowing system. [NH] decay monitored by
laser induced fluorescence at 304.85 nm.

(b) Pulsed laser photolysis of N;Hi/Ar/NO mixtures at
248 nm in flowing system. [NH] decay monitored by
laser induced fluorescence at 336 nm. He, N,, and
N:O also used as carrier gases give same results.

(c) Review of data to 1985; no recommendation.

Preferred Values

k = 5.0-10~" over range 269-373 K

Reliability
Alog k = + 0.2 over range 269-373 K

Comments on Preferred Values

Studies up to 1985 have been reviewed®. Only more re-
cent measurements are tabulated here.

At low temperatures there is excellent agreement be-
tween all of the available studies. Our recommendation is
based on all of them">**,

At higher temperatures there are three studies®™® cov-
ering the range 670-2850 K. They are extremely divergent
both in absolute values of k and their temperature coeffi-
cients of k. All are nearly an order of magnitude or more
lower than the values measured at temperatures close to
300 K. Further high temperature studies are required be-

fore any recommendation can be made for this tempera-
ture regime.

There are no experimental data on the relative impor-
tance of the various channels. Calculations® suggest that,
of the bimolecular routes, channel (1) is likely to predom-
inate since channel (2) is highly endothermic and channel
(3), although exothermic, is likely to have a substantial
activation energy as a result of the 1-3 hydrogen shift re-
quired to produce N; and OH from the initially formed
HNNO.

The thermodynamic data should be used with caution.
There are significant uncertainties associated with the
data on NH.

References

'J. W. Cox, H. H. Nelson, and J. R. McDonald, Chem. Phys. 96, 175
(1985).

?J. A. Harrison, A. R, Whyte, and L. F. Phillips, Chem. Phys. Lett. 129,
346 (1986).

3R. K. Hanson and S. Salimian, in “Combustion Chemistry”, ed. W. C.
Gardiner, Springer-Verlag, New York (1984).

4S. Gordon, W. Mulac, and P. Nangia, J. Phys. Chen. 75, 2087 (1971).

°I. Hansen, K. Hoinghaus, C. Zetzsch, and F. Stuhl, Chem. Phys. Lett.
42, 370 (1976).

W. S. Nip, Ph. D. Thesis, University of Toronto (1974), reported in
Ref. 3.

T. R. Roose, R. K. Hanson, and C. H. Kruger, 18th Symp. (Int.) Com-
bust., 853 (1981).

SR. C. Petersen, Ph. D. Thesis, Purdue University (1981), reported in
Ref. 3.

°C. F. Melius and J. S. Binkley, 20th Symp. (Int.) Combust., 575 (1984).

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992



620 BAULCH ET AL.

NH + NO — H + N.O

—- HN. + O
— N; + OH
T/K
2000 1000 500 400 300
I I T T T
-10.0 -
E aa A
0 !
E A
-10.5 |
-11.0
~ ”
- v
] il
ﬁm //
i ///
2 e
=} R
Q P
2
o —-115 -
B
E EXPERIMENTAL DATA
O a Horrison et al 1986
~N }\_I = Cox et ol 1985
. a Gordon et of 1971
~ A Honsen et of 1976
gn | — Nip 1974
Roose et of 1981
- =120 Peterson 1981
This R
-125 |
-13.0
| IR 1 1] { { 1
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

1ot k!

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992



EVALUATED KINETIC DATA FOR COMBUSTION MODELLING 621

NHz + 02 b d NO + Hzo (1)
— NO: + H: )
— HNO + OH (3)
— HNO. + H (4)
—~HNO + O (5)

NH, + O+ M —- NH.O. + M (6)

Thermodynamic Data
AH3os (1) = —342 kJ mol~!
AS30s (1) = 0.281 J K~'mol~!
K,(1) = 4.89 T~°%exp(+41000/T)

AHe (3) = ~51.8 kJ mol~*
AS%s (3) = 4.56 JK~'mol~!
K,(3) = 0914 7019 exp( +6240/T)

There are no thermodynamic data available for channels (5) and (6).

AH503 (2) = —157 kJ mol ™!
ASSoq (2) = —29.1 JK-'mol-!
K,(2) = 1.161073 T exp(+ 19000/T)

AH3g (4) = —49.1XJ mol ™}
AS3s (4) = —35.7 JK~'mol~!
K,(4) = 1.43107% T'* exp(+6370/T)

Rate coefficient data (k = k{ + k2 + k3 + ks + ks + ke)

k[cm® molecule ! s~1] T[K] Reference Comments
Rate Coefficient Measurements
<4.610°Y 1245 Michael et al. (1985)! (a)
<7.710"% 298
<5.610718 459
<3107 298 Losovsky, Toffe, and Sarkisov (1984)* ()
Reviews and Evaluations
< 310~ 298 CODATA (1984)* (©)
- Lesclaux (19384)" (d)
- Hanson and Salimian (1985)° (e)
Comments measurements are very sensitive to the presence of H

(a) Flash photolysis of NH:+/O-/He mixtures. [NH] mon-
itored by iaser induced fluorescence at 578 nm. Total
pressure 25 Torr He. Flash energy varied 1.5 -15.8 J.
No effect of O, at low flash energies.

(b) Flash photolysis of NHi/O2/N> mixtures at total pres-
sures < 30 Torr. [NH,] monitored by intracavity
laser absorption spectroscopy at 598 nm. Decay rate
of NH; observed to be independent of O, pressure
above 1 Torr. Observed decay attributed to NH, +
HO,; reaction.

(c) Evaluation of low temperature data only.

(d) Comprehensive review, no recommendation.

(e) Comprehensive review, no recommendation.

Preferred Values
k < 3107 cm® molecule ™! s! at 298 K

Comments on Preferred Values

Studies up to 1984 have been tabulated and reviewed.
elsewhere®**,

There has been considerable interest in this reaction
because of its likely importance in ammonia oxidation but
at low temperatures it is so slow that it is difficult to study
by the usual fast reaction techniques. Furthermore, the

atoms which initiate NH; oxidation by HO, formation in
NH-/O- systems which have been used frequently in these
studies. At low temperatures only upper limits to & are
available, mostly determined by flash photolysis. Our pre-
ferred value for k is that of Lesclaux and Demissy®. The
only discharge-flow study'? suggests a pressure dependent
rate coefficient, interpreted as due to the formation of
NH:O: as a relatively stable intermediate, but this is not
supported by the flash photolysis studies and theoretical
calculations™"".

At high temperatures the only available data are from
a shock tube study® and one in which NH3/O, mixtures
were passed through a hot tubular reactor'. Interpreta-
tion of the results required computer fitting using large
reaction schemes and values obtained differ substantially.
‘We do not consider these results to be certain enough to
make a recommendation without further studies.

There is no conclusive experimental evidence on the
relative importance of the various possible reaction chan-
nels. Recent theoretical calculations® suggest the NH,O,
is stable only to the extent of = 20 kJ mol~! and hence
is very short-lived, even at 300 K. As suggested by Ben-
son', these calculations favour channel (5) as the pre-
ferred route despite its estimated endothermicity of
=125 kJ mol~!, The exothermic channels proceed via
NH,O, which must surmount a large energy barrier to
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before going on to form products [channels (1), (2), (3),
(4)]. Channel (3) has been widely accepted in many mod-
elling studies and despite the theoretical evidence against
it, the possibility of it making a contribution at high tem-
peratures should not be ruled out.

In contrast to the reaction of ground state O, the rate
of reaction between NH; and O; ('A,) has been measured
by discharge flow methods. A value of 1.0-10™* cm’
molecule™! s™! over the range 295-353 K was obtained".
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NH: + NO — N: + H.0 1)
—>N:+H+OH (2)
— NH + HNO  (3)
— NH:NO (@)
—>N:H+OH (5)
— N2O + H; (6)

Thermodynamic Data
AH35 (1) = —523 kJ mol ™!
AS%9s (1) = —25.0 J K 'mol ™!
K,(1) = 0.286 T% exp(+62700/T)

AH3ss (3) = 175 KJ mol-!
AS56s (3) = —3.49 J K~ 'mol !
K,(3) = 0.110 T exp(—2100/T)

AH3g4 (5) = 3.37 kJ mol~*
AS3es (5) = 2.73 JK~'mol ~*
K,;(5) =0.339 T**® exp(—357/T)

AH3 (2) = —23.7 kI mol ™!
AS3s (2) = 84.5 JK-'mol~!
K,(2) = 79.6 T**S exp(+2960/T)

AHS45 (6) = —199 kJ mol ™!
AS3s (6) = —54.8 JK *mol™!
K,(6) = 2.4310-5 T9% exp(+24200/T)

Rate Coefficient Data (k =ki+ ks + ks + ks + ks + ks)

k[cm? molecule~! s-1] T{K] Reference Comments
Rate Coefficient Measurements
14101 298 Gericke et al. (1984)} (a)
2.17-10-11 297 Stephens et al. (1984)2 (h)
k: = 510~12
1.7-10-1 298 Dreier and Wolfrum (1985)° ©
131071 298
161071 298 Hall et al. (1986)* ()]
k= 1.06-10~1
ky = 13610~
ks = 2.9810°12
k < 173101 300 Dobson (1986)° ©
ks = 2610712
ks/(ki + ks) = 0.12 298 Silver and Kolbe (1987)¢ ®
ks = 7.9101 T-117 294-1027 Atakan ez al. (1989)" (®
Reviews and Evaluations
1.8:10-11 (T/298)~15 200-1000 Lesclaux (1984)° (h)
1.610-11 (T/298)~*5 210-500 CODATA (1989)° (i)
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Comments

(a) NH; generated by multiphoton dissociation of N,H,
or CH:NH,. [NH:] monitored by laser induced fluo-
rescence.

(b) Discharge flow study of OH + NHj reaction. [OH]
monitored by resonance fluorescence. Secondary
chemistry modelied to give quoted k value.

(c) Flow reactor. Laser flash photolysis of NH; at 193
nm. NH, radicals and product N; monitored by
CARS. Independent value of k obtained by monitor-
ing vibrationally excited H;O by time resolved in-
frared fluorescence.

(d) Infrared kinetic spectroscopy detection of products in
range 2.3-3.2 pm following NH. praduction by laser
photolysis of NHs. Detection of vibrationally excited

v H:O as product.

(e) Fast-flow tube reactor with modulated beam mass
spectrometry detection. [OH] / [H.O] product ratio
measured.

(f) Re-evaluation of branching ratio from data reported
in earlier paper.

(g) Laser photolysis of NH;. Laser induced fluorescence
monitoring of [NH:] and [OH]. It is concluded that
OH is a direct product of the reaction. [OH)}[NH:],
= 0.1 at 300 K rising to 0.19 at 1000 K.

(h) Comprehensive review of all studies up to 1984.

(i) Based mainly on sparse low temperature data.

Preferred Values

k = 1.8107"2 exp(+650/T) cm® molecule™ s~! over
range 220-2000 K
(k2 + ks)k = 0.12 at 298 K

Reliability
Alog k = = 0.5 over range 220-2000 K

Comments on Preferred Values

The major studies prior to 1984 have been reviewed
and are not tabulated here.

The data close to room temperature range over a fac-
tor of 3 there being a significant discrcpancy between
those from flash photolysis studies (= 20-107"? cm?
molecule ™ s7!) and those from discharge flow measure-
ments (= 91072 cm® molecule ™! s7'). We take a mean
value of 1.6:10™" cm® molecule™! s! based on Refs. 3,
10-19.

It is clear that the rate coefficient has a significant neg-
ative temperature dependence. Our recommendations

are based on all of these studies”™>'*! on the tempera-

ture dependence which are in reasonable agreement.

The relative importance of the various reaction chan-
nels has been the subject of considerable experimental
work and theoretical calculations. The negative tempera-
ture dependence suggests formation and subsequent re-
arrangement and dissociation of the addition product
NH;NO.

At high temperatures little information about the
branching ratios is available. Channels (1), (2) and (5) are
likely to be important but N,O production has also been
observed at high temperatures'®, The energetics of the re-
action pathways have been the subject of several theoret-
ical studies??"#52,
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Reactions of C, Species
k[cm?® molecule™? s™1] TIK] Reference Comments

Cx(X'3:*) + O, — Products

2.8-10- 2 298 Pasternack and McDonald (1979)* (a)

3.010°1 300 Reisler et al. (1980)° (b)
C: (X'3;*) + H; — Products

1.410-12 298 Pasternack and McDonald (1979)* (a)

1410712 300 Reisler eral. (1980)° ©

1.8:10~2 exp(—1470/T) 300-600 Pitts et al. (1982)"° (d)
Cx(X'3,*) + CO; — Products

no apparent reaction 298 Pasternack and McDonald (1979)* (a)

< 310~ 300 Reisler ef al. (1980)° (©)
C(X'Z;*) + CH, — Products

1.9-10-4 298 Pasternack and McDonald (1979)* (a)

1.7.10-4 300 Reisler et al. (1980)° (©)

501071 exp(—297/T) 300-600 Pitts et al. (1982)"° (d)
Cx(X'%*) + CHs — Products

161071 298 Pasternack and McDonald (1979)* (a)
Co(X'3:*) + CsHg — Products

3.3.10-% 300 Reisler ez al. (1980)° (o)
C(X'3*) + C:Hs — Products

33101 298 Pasternack and McDonald (1979)* (a)
CxX'%;*) + C;H; — Products

4310-0 300 Reisler et al. (1980)° ©
Cy(X'3;*) + H,0 — Products

< 310~ 300 Reisler et al. (1980)° ©
Cy(a®ll,) + CH, — Products

1.7-10~ " exp( —2805/T) 337-605 Pasternack et al. (1980)% ()

< 310-4 300 Reisler et al. (1980)° ©

< 1107 298 Donnelly and Pasternack (1981)! o
Cy(a’IL,) + C,H, — Products

131071 298 Donnelly and Pasternack (1979)! (3]

2410~ exp(—920/T) 300-600 Pasternack et al. (1981)° (g)
Cx(a,) + CsHg — Products

1.7-10-1° 300 Reisler et al. (1980)° ©

1.8-10~ " exp(-97/T) 300-600 Pasternack ez al. (1981)° (®
Ca(a’L) + n-CsHyo — Products

4.910~" exp(—7YT) 300-600 Pasternack ez al. (1981)° ®
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Reactions of C. Species - continued

k[cm® molecule~! s~1] TK] Reference Comments
C2(e*IL) + C;H4 — Products
17101 300 Reisler et al. (1979)? (h)
1.4-10-1° 298 Donnelly and Pasternack (1979) ®
1210~ exp(+5/T) 300-600 Pasternack ef al. (1981)° (®
Cz(a’IL,) + C;Hz — Products
9.610-1 298 Donnelly and Pasternack (1979)! (3]
Cx(@’1,) + H,O — Products
< 310~% 300 Reisler et al. (1980)% ©
Cx(a’Ml.) + O —> Products
3.410-12 300 Filseth et al. (1979)3 (i)
3.0:10- 12 298 Donnelly and Pasternack (1979) ®
3.010~12 300 Reisler et al. (1980)° (b)
C@’IL) + 0:(X°%) = CoAX'Z") + OoX7%)
27101 300 Mangir et al. (1980)7 @)
C2(a’IL,) + Ar — Products
< 2107% 300 Filseth et al. (1979) (i)
< 310" 300 Reisler et al. (1980)° (©)
Cxa®L,) + Kr — C(X'3g*) + Kr
2.010-13 300 Reisler er al. (1980)% ()
C2(a’ll,) + Xe » C(X'Z*) + Xe
T 4510712 300 Reisler er al. (1980)° ©
5.510~12 exp( +24/T) 300-500 Pasternack et al. (1981)° ®
Ca(X*2" /a1l )eq + O2 = Products
1.110~" exp(~-337/T) 300-600 Pitts et al. (1982)® @

(@)

(b

-

(©)

Comments

Cx(X'%,) produced by multiphoton UV excimer laser
photodissociation of hexafluorobutyne-2; monitored
by laser induced fluorescence at 6§91 nm. The authors
explain the faster reaction rates of C(X'S;+) with H,
and hydrocarbons by a hydrogen atom exchange re-
action to form ground state C,H which is forbidden
for Cy(a’IL,).

IR multiple photon dissociation of C;HsCN. Radical
depletion monitored by laser induced fluorescence,
CO formation by chemiluminescence. Total pres-
sures 14 Torr Ar. The authors conclude that CO in
highly excited triplet states is the primary product.
IR multiple photon dissociation of C,HsCN or
CHCls. C; monitored by laser induced fluorescence.
Total pressures 1-4 Torr Ar or He. Measurements of
Intersystem crossing rates with C,Cl, as scavenger.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

(@

©

Considerable intersystem crossing with heavy colli-
sion partners or with non-singlet partners.
Production of Cy(X'3;) by photolysis of hexafluo-
robutyne-2 in 10 Torr He. C; monitored by time re-
solved laser induced fluorescence, in the cases of O»
as reactant only at low temperatures (at high temper-
ature ['C;] from chemiluminescence of excited CO
from C; + O reaction). Propose insertion mecha-
nism for reaction of Cx(X'3,) with H-H and C-H
bonds. Very fast equilibration between Cz(X'Z;) and
Cx(a’Ml,) in the presence of O, Different sets of
Arrhenius parameters for C; + Oz under the as-
sumptions that (1) k('Cz + Oz) = k(’Cz + O2), and
(2) k(lCZ + 02) > > k(3Cz + 02).

C: produced by 193 nm excimer laser photolysis of
hexafluorobutyne-2 and monitored by laser induced
fluorescence. Total pressure 10~170 Torr CHa.
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(f) Cx(a’IL) formed by multiphoton UV photolysis of
C:H; or C;H, at 193 nm; monitored by laser induced
fluorescence. Total pressures 0-300 Torr.

(g) Ca(a’IL.) produced by multiphoton UV excimer laser
photodissociation of hexafluorobutyne-2 or benzene.
C; depletion measured by laser induced fluorescence.
Authors suggest that the reactions of *C; with H; and
saturated hydrocarbons proceed via H atom abstrac-
tion (supported by BEBO techniques, linear free en-
ergy correlations, and Evans-Polanyi plots) whereas
with unsaturated hydrocarbons faster insertion reac-
tions take place.

(h) Cx(a’IL) by IR multiple photon dissociation of either
vinylcyanide or ethylene in the presence of NO or Ar.
Decay of C(a’IL,) monitored by laser induced fluo-
rescence; slow tlow conditions. CN formation ob-
served by chemiluminescence.

(i) IR multiple photon dissociation of acrylonitrile
C;H,CN, laser induced fluorescence of C(a’IL.); to-
tal pressures up to 50 Torr. A VUV chemilumines-
cence signal was observed when O was present in the
mixture; electronically excited CO(A'Il) proposed.

(G) IR-MPD of vinylcyanide or trichloroethylene.
C(a’Il,) and Cx(X'3,)) observed by laser induced flu-
orescence. The intersystem crossing rates were ob-
tained by increasing the concentration of O; in the
sample and comparing the removal rates of 'C; and
*C,. At 300 K the intersystem crossing is much faster
than chemical reactions; therefore it is impossible to
measure distinct reaction rates of 'C; and 3C;, only
the rate of equilibrated 'C,/3C; mixtures.
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CH+ 0, > CHO + O 1)
— CO + OH )

Thermodynamic Data
AH3gs (1) = —301 kJ mol !
AS%s (1) = —2.5JK 'mol~!
K,(1) = 0.487 T°% exp(+36300/T)

AH3e (2) = —666 kJ mol ™!
AS395 (2) = —6.82 JK~'mol ™!
K,(2) = 10.1 T~°%2 exp(+79900/T)

Rate Coefficient Data (k = ki + k)

k[cm® molecule ™! s™!] T[K] Reference Comments

Rate Coefficient Measurements
< 4107 298 Bosnali and Perner (1971)! (a)
1.7-10~1 1815-2365 Jachimowski (1977)? (b)
33101 298 Messing, Sadowsky, and Filseth (1979) (c)
59107 298 Butler ef al. (1980,1981)* (d)
5.410-1 297-676 Berman et al. (1982)° (©)
2.11107% 298 Duncanson and Guillory (1983)” ®
ky = 810~1 298 Lichtin, Berman, and Lin (1984)® ®)
2.310°% 2% Anderson, Freedman, and Kolb (1987)° (h)

Comments nm, [OH(A2*)] by chemiluminescence. Total pres-

(a) Pulse radiolysis of 15 Torr CH, with various amounts
of O, added; [CH] by absorption spectroscopy at
314.4 nm.

(b) Oxidation of C;H, and C;H, behind incident shock
waves. Emission monitored at 370 nm (CO + O —
CO; + hv), at 5.0 pm (CO), and at 4.3 um (CO,).
Total pressure 1.1-1.7 atm Ar. Numerical modelling
of 38 reaction mechanism. k(CH + O) arbitrarily
set.

(c) Multiphoton dissociation of methylamine at 1047
cm™!; [CH] by laser induced fluorescence at 431.4

sure 10-30 Torr Ar. No pressure dependence re-
ported.

(d) Multiphoton dissociation of CHBr; at 193 nm; [CH]
by laser induced fluorescence near 430 nm. Total
pressure 100 Torr Ar.

(e) Muitiphoton dissociation of CHBr; at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 100 Torr Ar. No significant temperature de-
pendence.

(f) IR-multiphoton dissociation of CH;OH; [CH(XII),
v = 0 and v = 1)] by laser induced fluorescence at
430.0 nm and 487.3 nm. Total pressure 10 Torr Ar.
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Given value of k forv = 0. ky = 1) = 4.31072 cm®
molecule~! s~! including vibrational relaxation.

(g) Multiphoton dissociation of CHBr; at 266 nm; [OH
(A%=*)] by chemiluminescence. Total pressure 21
Torr, mainly Ar.

(h) Fast flow reactor; CH formation by sequential Br
atom abstraction from CHBr; with excess alkali-
metal atoms (Na or K); [CH] and [OH] by laser in-
duced fluorescence. Total pressure 2 Torr He/Ar
mixture.

Preferred Values
k = 5.510"" cm® molecule ! s~! over range 300-2000 K

Reliability
Alog k = % 0.3 at 300 K rising to + 0.5 at 2000 K

Comments on Preferred Values

The recommendation is based on the study of Berman
et al ° because it covers a large temperature range and is
in reasonable agreement with other recent studies.
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CH+ 0, > CHO + O
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CH + H: > H + CH; (1)

d CHa

Thermodynamic Data
AH3gs (1) = 10.8 kJ mol™?
AS%s (1) = —3.44JK 'mol~?
K,(1) = 0.275 T%'® exp(—1220/T)

(2)

AH3g (2) = —448 kJ mol™!
AS3os (2) = —119 JK~'mol~!
K, (2) = 1.71:1075 T %63 exp(+54000/T) atm !

Rate Coefficient Data (k = k, + k)

k[cm? molecule ! s7'] TK] Reference Comments
Rate Coefficient Measurements
1.0-10-12 298 Braun et al. (1967)! (a)
1.7.10-1 298 Bosnali and Perner (1971)? (b)
2.310-1 298 Butler et al. (1979,80)%* ©
kz = 241072 exp(+520/T) 159-300 Berman and Lin (1984)° (d)
ky = 361010 exp(—1960/T) 400-660
ky = 24107 exp(—1760/T) 372-675 Zabarnick, Fleming,
ko= 151071 TY92 exp(~1260/T)  300-2500 and Lin (1986)° ()

1.410°4 297

Comments

(a) VUV flash photolysis of CH, with added H,; [CH] by
absorption spectroscopy at 314.3 nm. Total pressures
1-10 Torr.

(b) Pulse radiolysis of 15 Torr CH, with added H;; [CH]
by absorption spectroscopy at 314.3 nm.

(c) Multiphoton dissociation of CHBr; at 193 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressures 30-100 Torr Ar.

(d) Multiphoton dissociation of CHBr; at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 100 Torr Ar. Pressure dependence of k
studied at 297 K over range 25-600 Torr; k increasing
from 7.9-107" cm® molecule™! s~ at 25 Torr to
4.5:10~" cm® molecule™! s™! at 600 Torr. Tempera-
ture and pressure dependence of k, isotopic effects
and a transition-state model support an addition
mechanism.

(e) Multiphoton dissociation of CHBr; at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 100 Torr Ar. k) determined by measuring to-
tal rate at higher temperatures and subtracting k.
from Ref. 5. Rate coefficient over range 300-2500 K

from transition-state theory.
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Preferred Values

ki = 2.4107" exp(—1760/T) cm® molecule! s~! over
range 300-1000 K

Reliability
Alog k = #= 0.3 over range 300-1000 K

Comments on Preferred Values

The most recent value of Lin and coworkers has been
taken as the recommendation which is in reasonable
agreement with the other data at higher temperatures. At
lower temperatures there is evidence for channel (2) be-
coming significant.
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CH + H.0 — Products

Rate Coefficient Data

k[cm® molecule~! s~} TIK] Reference Comments
Rate Coefficient Measurements
4510-1 298 Bosnali and Perner (1971)! (a)
9.5-10~!2 exp(+380/T) 298-669 Zabarnick, Fleming, and Lin (1988)? (b)
Comments Reliability

(a) Pulse radiolysis of 15 Torr CH,; [OH] by absorption
at 314.4 nm.

(b) Multiphoton dissociation of CHBr; at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 100 Torr Ar. k independent of pressure over
range 20-300 Torr at room temperature.

Preferred Values

k = 9.510° exp(+380/T) cm® molecule™! s~! over
range 300-1000 K

Alog k = * 1.0 over range 300-1000 K

Comments on Preferred Values
The rate coefficient given by Zabarnick, Fleming, and
Lin? is recommended but with wide error limits.
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CH + CO — Products

Rate Coefficient Data

k[cm® molecule ™! s7%] T(K] Reference Comments
Rate Coefficient Measurements
481012 298 Bosnali and Perner (1971)! ()
2.110-1 298 Butler et al. (1980,1981)%3 (b)
4.610~ 12 exp(+861/T) 297-676 Berman et al. (1982) ¢ ©
Comments Reliability

(a) Pulse radiolysis of 15 Torr CH,; [OH] by absorption
at 314.4 nm.

(b) Multiphoton dissociation of CHBr; at 193 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 100 Torr Ar. k probably pressure depen-
dcnt; suggest an addition mechanism similar to the
CH. + N; reaction.

(c) Multiphoton dissociation of CHBr; at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 100 Torr Ar. k(CH + CO) increases by a
factor of 3 over range 50640 Torr Ar . Possible prod-
ucts of CH + CO; either CHO + COorH + 2 CO.

Preferred Values

k = 4.6107" exp(+861/T) cm® molecule™ s™! over
range 300-1000 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Alog k = = 1.0 over range 300-1000 K

Comments on Preferred Values

The rate coetficient of Berman et al.* (which is consis-
tent with the room temperature value of Butler ef al .>) is
taken as the recommendation but with wide error limits.
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CH + CO. — Products

Rate Coefficient Data

k[cm?® molecule ™! s™1] TIK] Reference Comments
Rate Coefficient Measurements
1910~ 298 Butler et al. (1980,81)'2 (a)
5.7-10~12 exp(—345/T) 297-676 Berman et al. (1982)* (b)
Comments Reliability

(a) Multiphoton dissociation of CHBr; at 193 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total pres-
sure 100 Torr Ar. k probably pressure dependent; sug-
gest an addition mechanism similar to the CH + N,
reaction.

(b) Multiphoton dissociation of CHBr; at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total pres-
sure 100 Torr Ar. k(CH + CO) increases by a factor
of 3 over range 50-640 Torr Ar. Possible products of
CH + CO, either HCO + COor H + 2 CO.

Preferred Values

k = 571077 exp(—345/T) cm® molecule™ s~! over
range 300-1000 K

Alog k = %= 1.0 over range 300-1000 K

Comments on Preferred Values
The value of Berman ez al.? is recommended but with
wide error limits.
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CH + CH; — Products

Rate Coefficient Data

k[cm® molecule~! s=1] TIK] Reference Comments

Rate Coefficient Measurements
2510712 298 Braun, McNesby, and Bass (1967) ! (a)
33101 298 Bosnali and Perner (1971)? b)
3.0-107° 298 Butler et al. (1979)} ©)
1.010-1° 298 Butler et al. (1981)* (d)
5.010~1 exp(+200/T) 167-652 Berman and Lin (1983) ° ©®
5410~ 290 Anderson, Freedman, and Kolb (1987)° ()

Comments (f) Fast flow reactor. CH formation by sequential Br

(a) YUYV flash photolysis of pure CHs; [CH] by absorp-
tion measurement at 314.3 nm. Addition of a diluent
gas (Ar) resulted in decreasing [CH] to a limiting value
of 0.6 times [CH](pure CH,) at 10 Torr of Ar and a
rate coefficient of 3.3:10~ 2 cm® molecule ! s~*; this ef-
fect is also influenced by the flash intensity and prob-
ably due to quenching of an excited species otherwise
leading to CH.

(b) Pulse radiolysis of 15 Torr CH,; [OH] by absorption
at 314.4 nm.

(c) Multiphoton dissociation of CHBr3 at 193 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total pres-
sure 30-100 Torr Ar.

(d) Multiphoton dissociation of CHBr; at 193 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total pres-
sure 100 Torr Ar.

(e) Multiphoton dissociation of CHBr;3 at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total pres-
sure 100 Torr Ar. k(CH + C;Hs) estimated, based on
the observed linear dependence of k on the number of
C—H bonds. k(CH + CH.) pressure-independent be-
tween 25 Torr and 200 Torr. Formation of an excited
insertion intermediate C;H? leading to C;Hs + H con-
firmed by transition-state and RRKM theory.

atom abstraction from CHBr; with excess alkali-metal
atoms (Na or K); [CH] by laser induced fluorescence.
Total pressure 2 Torr He/Ar mixture.

Preferred Values

k = 5.0107" exp(+200/T) cm® molecule™! s™' over
range 200-700 K

Reliability
Alog k = = 1 over range 200-700 K

Comments on Preferred Values

The available data shows considerable scatter. The
preferred values are those of Berman et al * but wide er-
ror limits are suggested.
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CH + C;H: — Products

Rate Coefficient Data

k[cm® molecule™! s~} TIK] Reference Comments
Rate Coefficient Measurements
8.1-10~4 298 Bosnali and Perner (1971)! . (a)
2210710 208 Butler eral. (19812 (b)
3510~ Yexp(+61/T) 171-657 Berman ef al. (1982)* (©)

Comments

(a) Pulse radiolysis of 15 Torr CH,; [OH] by absorption
at 314.4 nm.

(b) Multiphoton dissociation of CHBr; at 193 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total pres-
sure 100 Torr Ar.
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(c) Multiphoton dissociation of CHBr; at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total pres-
sure 100 Torr Ar. Discrepancies with Butler’s results*
probably due to photolysis of reactants (C;Hs, C:Hy) at
193 nm. Suggest an addition mechanism of CH to the
C—C double or triple bond leading to a three-mem-
bered ring followed by rapid ring opening.
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Preferred Values

k = 3.5:107' exp(+ 61/T) cm® molecule ™! s~! over range
200-700 K

Reliability
Alog k = = 0.7 over range 200-700 K

Comments on Preferred Values
The most recent study’ is in reasonable agreement with
the similar earlier study by Butler ef al ? and is adopted
as our recommendation but with wide error limits.
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CH + C:H; — Products

Rate Coefficient Data

k{cm® molecule~! s7!] T[X] Reference Comments
Rate Coefficient Measurements
1.2:1071° 298 Bosnali and Perner (1971)" (@)
2.1-10°1 298 Butler et al. (1981)? (b)
2.2:1071° exp(+173/T) 160-652 Berman et al. (1982)* (c)
Comments Reliability

(a) Pulse radiolysis of 15 Torr CHs; [OH] by absorption
at 314.4 nm.

(b) Multiphoton dissociation of CHBr3 at 193 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total pres-
sure 100 Torr Ar.

(c) Multiphoton dissociation of CHBr; at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total pres-
sure 100 Torr Ar. Discrepancies with Butler’s results®
probably due to photolysis of reactants (C;H,, C;H;) at
193 nm. Suggest an addition mechanism of CH to the
C—C double or triple bond leading to a three-mem-
bered ring followed by rapid ring opening.

Preferred Values

k = 22107 exp(+173/T) cm*® molecule™* s~! over
range 200-700 K

Alog k = = 0.7 over range 200-700 K

Comments on Preferred Values

The preferred values are based on the two most recent
studies® which are in reasonable agreement but wide er-
ror limits are suggested.
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CH + C;Hs — Products

Rate Coefficient Data

k[cm® molecule™? s™1] TIK] Reference Comments
Rate Coefficient Measurements
4.0-10-1° 298 Butler eral. (1981) (a)
1.8:10-° exp(+132/T) 162-650 Berman and Lin (1983)? (b)
Comments Reliability

(a) Multiphoton dissociation of CHBr; at 193 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 100 Torr Ar.

(b) Multiphoton dissociation of CHBr3 at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 100 Torr Ar. k( CH + C;Hs) estimated,
based on the observed linear dependence of k on the

number of C—H bonds.

Preferred Values

k = 18107 exp(+132/T) cm® molecule™! s™! over

range 200-700 K

Alog k = = 1 over range 200-700 K

Comments on Preferred Values
The available data are in reasonable agreement but un-
til they are confirmed wide error limits are suggested.
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355 (1981).
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CH + C;3;H; — Products

Rate Coefficient Data

kfem® molecule=? s~1] T[K] Reference Comments
Rate Coefficient Measurements . :
1410710 298 Bosnali and Perner (1971)! (a)
3.710-1° 298 Berman and Lin (1983)? (b)
19107 exp( +240/T) 298-689 Zabarnick, Fleming, and Lin (1987)° ©
Comments
" Reliability

(a) Pulse radiolysis of 15 Torr CH,; [OH] by absorption
at 314.4 nm.

(b) Multiphoton dissociation of CHBr; at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 100 Torr Ar. k(CH + C;H;) estimated,
based on the observed linear dependence of k on the
number of C—H bonds.

(c) Multiphoton dissociation of CHBr3 at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 20-300 Torr Ar. Rates independent of total
pressure.

Preferred Values

k = 1.9107" exp(+240/T) cm® molecule™ s™! over

range 300-700 K
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Alog k = = 0.7 over range 300-700 K

Comments on Preferred Values

The preferred values are based on the two most recent
studies>® which are in good agreement but wide error lim-
its are suggested.
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CH + n-C.H,, — Products

Rate Coefficient Data

k[cm?® molecule™! s™!] T[K] Reference Comments
Rate Coefficient Measurements
13107 298 Bosnali and Perner (1971)" (a)
5.8.10-10 298 Butler et al. (1981)? (b)
4.4107° exp(+28/T) 257-653 Berman and Lin (1983)* (©)
Comments Reliability

(a) Pulse radiolysis of 15 Torr CH,; [OH] by absorption
at 314.4 nm.

(b) Multiphoton dissociation of CHBr; at 193 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 100 Torr Ar.

(c) Multiphoton dissociation of CHBr; at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 100 Torr Ar. kX(CH + C;Hs) estimated,
based on the observed linear dependence of £ on the
number of C—H bonds.

Preferred Values

k = 4.4107"° exp(+28/T") cm® molecule ™ s™! over range
250-700 K

Alog k = x 0.7 over range 250-700 K

Comments on Preferred Values

The preferred values are based on the two most recent
studies® which are in reasonable agreement but wide er-
ror limits are suggested.
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2]. E. Butler, J. W. Fleming, L. P. Goss, and M. C. Lin, Chem. Phys. 56,
355 (1981).

3M. R. Berman and M. C. Lin, Chem. Phys. 82, 435 (1983).

CH + i-C;H:¢ — Products

Rate Coefficient Data

k[cm® molecule=! s=1] T[K} Reference Comments
Rate Coefficient Measurements
2.0:1071° exp(+240/T) 298-689 Zabarnick, Fleming, and Lin (1988) ! (a)
Comments Reliability

(a) Multiphoton dissociation of CHBr; at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 20-300 Torr Ar. Rates independent of total
pressure.

Preferred Values

k = 20107 exp(+240/T) cm® molecule™ s~ over
range 300-700 K

Alog k = = 1 over range 300-700 K

Comments on Preferred Values
The only available experimental measurement is
adopted but with wide error limits.

Reference

'S. Zabarnick, J. W. Fleming, and M. C. Lin, Chem.Phys. 112, 409
(1987).
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CH + neo-Cs;H — Products
Rate Coefficient Data

k[cm?® molecule=! s™1] T[K] Reference Comments
Rate Coefficient Measurements
1.6:10~'° exp( +340/T) 298-689 Zabarnick, Fleming, and Lin (1988) ! ()
Comments Reliability

(a) Multiphoton dissociation of CHBr; at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 20-300 Torr Ar. Rates independent of total
pressure.

Preferred Values

k = 16107 exp(+340/T) cm® molecule™ s~! over
range 300-700 K

Alog k = #+ 1 over range 300-700 K

Comments on Preferred Values
The only available experimental measurement is
adopted but with wide error limits.

References

IS. Zabarnick, J. W. Fleming, and M. C. Lin, Chem. Phys. 112, 409
(1987).

CH + CH,C:H — Products

Rate Coefficient Data

k[cm?® molecule~! s~1] T[K] Reference Comments
Rate Coefficient Measurements
4.610710 298 Butler et al. (1981) (a)
Comments References

(a) Multiphoton dissociation of CHBr; at 193 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total
pressure 100 Torr Ar.

Preferred Values

No recommendation.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

1J. E. Butler, J. W. Fleming, L. P. Goss, and M. C. Lin, Chem. Phys. 56,
355 (1981).
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CH + CH:0 — Products
Rate Coefficient Data

k[cm® molecule~! s~1] T[K] Reference Comments
Rate Coefficient Measurements
1610 exp(+260/T) 297-670 Zabarnick, Fleming, and Lin (1988) ! (a)
Comments Reliability

(a) Multiphoton dissociation of CHBr; at 266 nm; [CH]
by laser induced fluorescence at 429.8 nm. Total

pressure 20300 Torr Ar. Rates independent of total

pressure.
Preferred Values

k = 1.6107" exp(+260/T) cm® molecule™ s™' over
range 300-700 K

Alog k = =1 over range 300-700 K

Comments on Preferred Values
The only available experimental measurement is
adopted but with wide error limits.

References

IS. Zabarnick, J. W. Fleming, and M. C. Lin, 21st Symp. (Int.) Com-
bust., 713 (1988).

3CH; + O > H + CO + OH 1)
— H: + CO: (2)
— CO + H.0 (3)
— CH.0 + O 4)
—-CO;+2H (5)

Thermodynamic Data
AH3p (1) = —241 kJ mol !
AS%s (1) = 952 JK~'mol~?
K,(1) = 1.1510° T°"™ exp(+29000/T)atm

AHB3gs (3) = —739 kJ mol~?
AS%s (3) = —143 JK™'mol !
K,(3) = 4.14 T-04 exp(+88800/T)

AH3s (5) = —345 kJ mol !
AS%55 (5) = 424 JK " 'mol !
K,(5) = 4.8710~* T'* exp(+42000/T )atm

AH3y (2) = —781 kJ mol~!
AS36 (2) = —56.2 JK~'mol !
K,(2) = 1.55105 T9%7 exp(+94100/T)

AH34 (4) = —254 kI mol ™!
AS3e (4) = —21.0 IK 'mol~*
K,(4) = 4.66110~3 T°3* exp(+30800/T)

Rate Coefficient Data (k = ki + k2 + ks + ks + ks)

klcm?® molecule ! s~} TK] Reference Comments
Rate Coefficient Measurements
1.5-10-12 298 Laufer and Bass (1974)! (@
1.2:10-1 298 Pilling and Robertson (1977)% ()
1.7-10-*2 298 Vinckier and Debruyn (1978)° (b)
2.210~ " exp(=750/T) 290-600 Vinckier and Debruyn (1979)* (b)
ks = 6.7107! exp(—1100/T) 1100-1300 Warnatz (1981)° ©)
3.3.10-%2 298 Bohland ez al. (1984)¢ (d)
Reviews and Evaluations
1410712 298 Tsang and Hampson (1986)” (e)

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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Comments

(a) Flash photolysis of ketene in helium' and argon®
Products analysed by GC and simulated by numerical
integration. Rate coefficient determined primarily
relative to that for *CH, + *CH. which was taken as
5.310"" cm® molecule™! s~

(b) Discharge flow study of O + C.H, with molecular
beam sampling and mass spectrometric analysis.
Rate coefficient obtained from the effect of [O;] on
the steady-state [CH_] signal. '

(c) Modelling acetylene/O; laminar flames. Channel and
rate coefficient correctly predict the mole fractions
and temperature profiles in lean flames.

(d) Discharge flow with LMR detection of *CHp; the
methylene was generated either from discharging
ketene or from O + CH:CO.

(e) Based on an earlier evaluation by Laufer® which re-
lied on the data from Refs. 1 and 2.

Preferred Values

k = 4.110™" exp(—750/T) cm® molecule™! s~! over
range 300-1000 K

Reliability
Alogk = * 0.5 at 1000 K reducing to + 0.3 at 300 K

Comments on Preferred Values

The more directly determined rate coefficient of Boh-
land et al .° has been adopted, together with the tempera-
ture dependence of Vinckier and Debruyn®. Tsang and
Hampson’ give ki/ks = 2.5, based on the measurement by
Shaub et al .’ of the vibrational distribution in the product
CO, following flash photolysis of CHI> + O. Rowland
et al ", in a tracer (**C) study of the steady-state photoly-
sis and the photosensitized decomposition of ketene,
showed that the relative yields of CO and CO, are about
the same at 298 K, i.e. (kz + ks)/(k1 + k3) = 1.0. Evidence
for channels (1) and/or (5) was provided by the formation
of hot T atoms in studies of *CHT.

References

'A. H. Laufer and A. M. Bass, J. Phys. Chem. 78, 1344 (1974).

M. J. Pilling and J. A. Robertson, J. Chem. Soc. Faraday Trans. 1, 73,
968 (1977).

3C. Vinckier and W. Debruyn, 17th Symp. (Int.) Combust., 623 (197R).

“C. Vinckier and W. Debruyn, J. Phys. Chem. 83, 2057 (1979).

5J. Warnatz, 18th Symp. (Int.) Combust., 369 (1981).

T. Bohland, F. Temps, and H. Gg. Wagner, Ber. Bunsenges. Phys.
Chem. 88, 1222 (1984).

"W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data, 15, 1087
(1986).

8A. H. Laufer, Rev. Chem. Intermed. 4, 225 (1981).

W. M. Shaub, D. S. Y. Hsu, T. L. Birks, and M. C. Lin, 18th Symp.
(Int.) Combust., 811 (1981).

10F S, Rowland, P. S. -T. Lee, D. C. Montague, and R. L. Russell, Fara-
day Disc. Chem. Soc. 53, 111 (1972).

3CH2 + 3CH2 — C;H; + H: (1)
- Csz + 2H (2)
— CHs + H (3)
Thermodynamic Data
AHey (1) = —547.2 kJ mol * AH3es (2) = —111.3 kJ mol

AS3s (1) = —59.5 J K~'mol !
Ky (1) = 1.6610~7 T #exp(+66240/T)

AH354(3) = —269.7 kJ mol—*
AS5s(3) = —44.8 JK 'mol~!
K,(3) = 2151075 T"%%xp( +33010/T)

AS3s (2) = 392 J K~'mol
K,(2) = 5.22:10° T25%xp(+ 14130/T)atm

Rate Coefficient Data

k[cm® molecule~! s~} T [K] Reference Comments
Rate Coefficient Measurements
5310~ 298 Braun et al. (1970)! (a)
kitk = 0.9 298 Becerra et al. (1987)° (b)
k; = 1.7110"1° 2000-2800 Frank, Bhaskaran, and Just (1987)3 (c)
Reviews and Evaluations
5.310°1 298 Laufer (1981)* (d)
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Comments

(a) VUV flash photolysis of ketene, time-dependence of
3CH. and of C;H, monitored by absorption spec-
troscopy.

(b) Reanalysis of earlier work based on excimer laser
flash photolysis of ketene (308 nm). Source of molec-
ular. hydrogen now identified as *CH; + H, leaving
atomic products as the more likely for °*CH; + *CH..
Their analysis allowed up to 10% of the reaction to
occur via channel (1).

(c) Absorption spectroscopy study of H and CO in ther-
mal decomposition of dilute ketene mixtures in argon
behind reflected shock waves.

(d) Evaluation based on Ref. 1.

Preferred Values
k = 20107 exp(—400/T) cm® molecule™ s™! over

range 300-3000 K
kiyk = 0.9 over range 300-3000 K

Reliability
Alogk = = 0.5
Ak k= = 0.1

Comments on Preferred Values

After a period of uncertainty, it now seems clear that
channel (2) predominates. The reaction probably pro-
ceeds via C;H; + H, with, Becerra et al. argue, C;H; de-
composing too quickly for collisional stabilization at
normal pressures.

References

w. Braur;, A.M. BRass, and M_ I Pilling, I. Chem. Phys. 52, 5131 (1970).

ZR. Becerra, C. E. Canosa-Mas, H. M. Frey, and R. Walsh, J. Chem.
Soc. Faraday Trans. 2, 83, 435 (1987).

3p. Frank, K. A. Bhaskaran, and Th. Just, J. Phys. Chem. 90, 2226
(1986).

‘A. H. Laufer, Rev. Chem. Intermed. 4, 225 (1981).

3CH, + CH; —» C:H, + H

Thermodynamic Data
AH3g4 = —262 kJ mol~?
AS5s = —55.7 J K 'mol ™!
K, =2.3610"7 T* ™ exp(+32200/T)

Rate Coefficient Data

k[cm?® molecule ! s T[K] Reference Comments
Rate Coefficient Measurements
510-% 298 Pilling and Robertson (1975)! (a)
1.0-10-1° 298 Laufer and Bass (1975)? (b)
310-1 1800-2700 Olson and Gardiner (1978)* (<)
310-1 1700-2200 Bhaskaran, Frank, and Just (1979)* (d)
(7-10)10-1 13202300 Frank and Braun-Unkhoff (1987)° (&)
Reviews and Evaluations
7:10-1 298 Laufer (1981)5 ®
7:10-1 300-2500 Warnatz (1984)7 )

Comments

(a) Flash' photolysis of mixtures of ketene and
azomethane, end product analysis by GC. Products
simulated by numerical integration. Rate coefficient
sensitive to value chosen for CH; + CH; (4.2:10~"
cm’ molecule™! s71).

(b) Flash photolysis of mixtures of ketene and
azomethane, end product analysis by GC. Products
simulated by numerical integration. Rate coefficient
sensitive to value chosen for CH; + CH; (9.5-10~!
cm’® molecule™! s™1),

(c) IR absorption study of fuel rich CHy/O/Ar mixtures
behind incident shock waves. Product yields by nu-
merical integration.

(d) Atomic resonance absorption study of H in reflected
shock waves.

(e) Atomic resonance absorption study of H in reflected
shock waves using a range of CH; precursors
(CHsN:CH;, CH;l, C;Hg) to obtain data over a wide
range of temperatures.

(f) Evaluation based on a reanalysis of Refs. 1 and 2.

(g) Evaluation based on both low and high temperature
data (Refs. 1-4).

Preferred Values

k = 7.0.107" cm® molecule ™! s~! over range 300-3000 K
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Reliability
Alog k = % 0.3 at 300 K rising to + 0.5 at 3000 K

Comments on Preferred Values

The rate data of Refs. 1 and 2 need correction for the
methyl recombination rate coefficients used in the simu-
lations. Taking k(CHs + CHs) = 6:10~" cm® molecule ™!
s~! (Ref. 8) at 298 K at the pressures employed, increases
the rate coefficient in Ref. 1 to 6:10~"! cm® molecule ™! s™!
and decreases that in Ref. 2 to 810~ c¢m® molecule™
s7L

The reaction presumably proceeds via an ethyl radical
adduct. A significant temperature dependence is not,
therefore, expected and is confirmed by the results of
Refs. 3-5.

BAULCH ET AL.

References

M. J. Pilling and J. A. Robertson, Chem. Phys. Lett. 33, 336 (1975).

2A. H. Laufer and A. M. Bass, J. Phys. Chem. 79, 1635 (1975).

3D. B. Olson and W. C. Gardiner, Comb. Flame 32, 151 (1978).

‘K. A. Bhaskaran, P. Frank, and Th. Just, 12th Shock Tube Symposium,
Jerusalem (1979).

SP. Frank and M. Braun-Unkhoff, 16th Symposium on Shock Waves,
Aachen (1987).

SA. H. Laufer, Rev. Chem. Intermed. 4, 225 (1981).

7J. Warnatz, in “Combustion Chemistry”, ed. W. C. Gardiner, Springer-
Verlag, New York (1984).

*1. R. Slagle, D. Gutman, J. W. Davies, and M. J. Pilling, J. Phys. Chem.
92, 2455 (1988).

3CH2 + Csz - CHzCCHz (1)
— CH;CCH 7))

Thermodynamic Data
AHSo5 (1) = —424 kJ mol~!
AS3es (1) = —167 J K~*mol™*
K, (1) = 9.37:10~!! T°2 exp(+51500/T) atm?

*

AH3g (2) = ~430 kJ mol ™!
AS3es (2) = —189 J K~*mol~*
K,(2) = 1.2710~" T exp(+52080/T) atm~!

Rate Coefficient Data (k = k; + k2)

k[cm® molecule~! s~1] T [K] Reference Comments

Rate Coefficient Measurements
7510712 298 Laufer and Bass (1974)! (a)
4010712 298 Pilling and Robertson (1977)* (a)
1.3-10-12 295 Vinckier and Debruyn (1979)* (b)
3.1:10712 298 Homann and Schweinfurth (1981)* (©)
<10-15 298 Canosa-Mas, Frey, and Walsh (1984)° (d)
<2.610-1 298 Canosa-Mas, Frey, and Walsh (1985)¢ (d)
2.0-10~ Mexp(—3330/T) 296-700 Bohland, Temps, and Wagner (1986)’ (e)

Comments

(a) Flash photolysis of ketene, end product analysis by
GC. Rate related to production of allene and
propyne in presence of inert gas.

(b) Fast flow reactor study of O + C;H,. Products and
intermediates detected by molecular beam sampling
and mass spectrometry. Reaction attributed to pro-
duction of G;H; + H.

(c) Discharge flow study of O + C;H,. C;H, detected by
mass spectrometry. Reaction attributed to formation
of GH; + H and G;H; + H,. Pressure = 1-6 Torr.

(d) Laser flash photolysis of ketene (308 nm) in presence
of Ar and G;H,. Products detected by GC. High rate
coefficients in Refs. 1 and 2 attributed to failure to
account properly for reactions of !CH,. Suggest rate
is probably less than 2.6:107* c¢m® molecule ™! s~

e) Flow tube study, *CH. generated fron discharge or
laser flash photolysis of CH,CO (308 nm). *CH; de-
tected by LMR.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Preferred Values

k = 2.010™" exp(—3330/T) cm® molecule™ s~' over
range 300-1000 K

Reliability
Alogk = = 03

Comments on Preferred Values

The recent careful work of Canosa-Mas et al > has re-
vealed the deficiencies in the mechanistic interpretations
of Refs. 1-4. Canosa-Mas ez al. employed a full reaction
scheme using predominantly available literature data.
The observed yields of CsH, were fully explained by the
reactions of *CH; with C;H,. Their conclusions have re-
cently been fully endorsed by the direct measurements of
Bohland efal.’.
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References

IA. H. Laufer and A. M. Bass, J. Phys. Chem. 78, 1344 (1974).

2M. J. Pilling and J. A. Robertson, J. Chem. Soc. Faraday Trans. 1, 73,
968 (1977).

C. Vinckier and W. Debruyn, 17th Symp. (Int.) Combust., 623 (1979).

“K. H. Homann and H. Schweinfurth, Ber. Bunsenges. Phys. Chem. 85,
569 (1981).

5C. E. Canosa-Mas, H. M. Frey, and R. Walsh, J. Chem. Soc. Faraday
Trans. 2, 80, 561 (1984).

¢C. E. Canosa-Mas, H. M. Frey, and R. Walsh, J. Chem. Soc. Faraday
Trans. 2, 81, 283 (1985).

T. Bohland, F. Temps, and H. Gg. Wagner, 21st Symp. (Int.) Combust.,
841 (1986).

3CH; + C:H; — C3H; (1)
— ¢-C3H, (2)
- CsHs + H (3)

Thermodynamic Data
AH3y (1) = —419 KJ mol-!
AS3s (1) = —157 JK~'mol~?
K, (1) = 5.68:10™!! T2 exp(+50900/T) atm™!

AH3ys (3) — —87.3 kJ mol—!
AS3 (3) = —42.9 JK~'mol ™!
K,(3) = 3.03-10-% T2% exp(+11300/T)

Rate Coefficient Data (k = ki + k2 + ki)

k[cm® molecule~! s~!] T[K] Reference Comments
Rate Coefficient Measurements
< 3107 298 Laufer and Bass (1975) (a)
< 5-10-16 298 Canosa-Mas, Frey, and Walsh (1985)? (b)
5.3.10-12 exp(—2660/T) 206-728 Bohland, Temps, and Wagner (1986)3 ©)

Comments

(a) Flash photolysis of ketene + C;Hs + 700 Torr He.
End product analysis by GC. Rate measured relative
to °CH; + °CH..

(b) Excimer laser flash photolysis (308 nm) of ketene +
C:;H; + 400 Torr Ar. End product analysis by GC.
Product yields simulated by numerical integration.

(c) Discharge flow, *CH; monitored by LMR and gener-
ated from O + CH2CO and by laser flash photolysis
(308 nm) of CH,CO. Correction made for reaction
proceeding via activation to singlet.

Preferred Values

k = 5310712 exp(—2660/T) cm® molecule~! s~! over
range 300-1000 K

Reliability
Alog k = = 0.3 at 1000 K reducing to + 0.2 at 300~
700K

Comments on Preferred Values

The rate coefficients were measured over the pressure
range 0.4-5.7 Torr and were found to be independent of
pressure’. RRKM calculations demonstrate that the most
likely fate of the energised triplet adduct, under these
conditions, is decomposition to generate H + C;Hs. At
higher pressures propene is formed and cyclopropane is
the major product in the high pressure limit. Propene is
the major product for reaction in excess C;H, in the range
10-175 Torr and cyclopropane predominates at higher
pressures®, although the yields of propene and cyclo-
propane will decrease with increasing temperature.

References

'A. H. Laufer and A. M. Bass, J. Phys. Chem. 79, 1635 (1975).

2C. E. Canosa-Mas, H. M. Frey, and R. Walsh, J. Chem. Soc. Faraday
Trans. 2, 81, 283 (1985).

*T. Bohland, F. Temps, and H. Gg. Wagner, Ber. Bunsenges. Phys.
Chem. 90, 468 (1986).

“F. S. Rowland, P. S. -T. Lee, D. C. Montague, and R. L. Russell, Disc.
Faraday Soc. 53, 111 (1972).
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CH: + M—>3CH, + M

Thermodynamic Data
AH3% = —37.7 kJ mol~! (see comment (a)')
ASSss = 6.8 J K~ 'mol—!
K, = 2.17 T exp(+4520/T)

Rate Coefficient Data (Preferred Values)

M] k[cm’molecule™! s7!] TIK] Comments
Ar 6.0:10~ 12 298 ®) ()

N; 1.010-1 298 ®), ()
CH, 1.210-1 298 ®2 ©? (@)
C:H; 8.0-10-1 298 e)’

C:H, 2310~ 298 () (@)
C:H; 3.610- 298 ©? 9y

Comments Reliability

(a) Based on an analysis of spectroscopic data from a va-
riety of sources [including LMR and diode laser spec-
troscopy of CHx(X’B:)], and photoelectron
spectroscopy of CH3 (X?By). The value for AHsy is
calculated from the quoted value for AHS given in
Ref. 1, using recent spectroscopic and theoretical
data to calculate AC,(T).

(b) Room temperature laser pump and probe experi-
ments, using IRMPD of acetic anhydride to generate
!CH; and LIF to detect it. Total removal rate (reac-
tion + deactivation) measured.

(c) Room temperature excimer laser flash photolysis of

ketene (308 nm) and time-resolved cw dye laser ab- .

sorption spectroscopy of 'CH,. Total removal rate
(reaction + deactivation) measured.

(d) Room temperature LMR measurements of the frac-
tional yield of *CH. following photolysis of ketene at
308 nm. The quantum yield, ¢, for the production of
*CH: in the photolysis was assumed zero. The abso-
lute deactivation rate coefficients were calculated
from the fractional yield and the rate coefficients for
total removal from refs. 2 and 3. Since ¢ was assumed
zero, these rate coefficients represent upper limits.

(¢) Room temperature laser flash photolysis of ketene at
308 nm. 'CH, detected by LIF. Production of *CH,
detected by LMR.

. el e e PA_S Pm_A_ B ma BE_ A =

r—ara. WM. £ 1. MU, J. l992

Alogk = = 0.3 for Ar and N; over range 300-2000 K
Alog k = =% 0.4 for hydrocarbons over range 300-
2000 K

Comments on Preferred Values

There is excellent agreement between the overall re-
moval rate coefficients reported in Refs. 2 and 3. For Ar
and N; at room temperatures, these represent exclusively
the deactivation channel, although reactive channels
probably become available for N, at higher temperatures
and association at higher pressures. The deactivation
channel efficiencies, required to determine k for the hy-
drocarbons, are less precisely known. The rate coeffi-
cients may be assumed temperature independent,
although a slight decrease with increasing temperatures
may occur.

References

!P. R. Bunker, P. Jensen, W. P. Kraecmer, and R. Beardsworth, J. Chem.
Phys. 85, 3724 (1986).
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Chem. Phys. §§, 245 (1981).
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EVALUATED KINETIC DATA FOR COMBUSTION MODELLING 645

'CH; + O; > H + CO + OH (1)
— H: + CO: (2)
- CO + H.0 (3)
- 3CHz + O (4)

Thermodynamic Data
AH305 (1) = —278 kJ mol !
AS39s (1) = 102 JK " 'mol !
K,(1) = 2.49-10° T°™7 exp(+33500/T)atm

AH395 (3) = —777 kJ mol !
AS3 (3) = —7.49 JK~'mol ™!
K,(3) = 8.96 T~ exp(+93300/T)

AH39 (2) = —818 kJ mol~!
AS3 (2) = —49.4 JK~'mol -}
K,(2) = 3.37:1075 T°% exp(+98600/T)

AH3o, (4) = —37.7 KJ mol-!
AS39s (4) = 6.8 J K™ 'mol ™!
K,(4) = 2.17 TO" exp(+4520/T)

Rate Coefficient Data (k = ki + k2 + ks + ki)

k [cm’ molecule™* s™*] T |K} Reference Comments
Rate Coefficient Measurements
3.0101 298 Ashfold ef al. (1981)! (a)
7.410 298 Langford, Petek, and Moore (1983)* (b)
Reviews and Evaluations
<3.01071° 298 Laufer (1981)° ()
5.2:10% 298 Tsang and Hampson (1986)* (d)

Comments

(a) Pump and probe experiments, with 'CH; produced by
IRMPD of acetic anhydride and detected by LIF.
Measured total rate of removal of 'CH..

(b) Excimer laser flash photolysis of ketene at 308 nm
and time-resolved dye laser absorption spectroscopy
of !CH,. Measured total rate of removal of !CH,.

(c) Based on flash photolysis — gas chromatography
study of ketene®. Rate coefficient determined relative
to a value of 3.4-10™" cm® molecule ~* s~ for deacti-
vation of 'CH, by He. More recent measurements
give the latter as 3.3-107 "2 cm® molecule™! 572 re-
quiring a tenfold increase in the upper estimate for
'CH; + Oz to = 3:107'° cm® molecule ™' s™* .

(d) Based on Refs. 1 and 2.

Preferred Values

k = 5.2:10™" cm?® molecule ™! s™! over range 300-1000 K

Reliability
Alog k = * 0.5 at 1000 K reducing to = 0.3 at 300 K

Comments on Preferred Values
The agreement between the measured values of rate
coefficients in Refs. 1 and 2 was significantly worse for

this reaction than for any others. It was suggested that
there may be a precursor dependence, which might be
connected with a vibrational energy dependence of the
reaction and incomplete vibrational relaxation before re-
action. The rate coefficient refers to total removal, but
Ashfold et al.! argue that k is three times greater than the
value expected for deactivation and that a chemical
mechanism predominates. In “CH,CO tracer studies,
Rowland ez a/.° found similar relative product yields for
both 'CH; and *CH, + O.. They suggested that this might
indicate that the main mechanism of reaction of 'CH,
with O is deactivation to 3CHs, in contrast with the con-
clusions of Ashfold etal.l.
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1CH2 + Hz—) CHa + H

Thermodynamic Data
AH395 = —61.0 kJ mol~!
AS%s = —10.7 JK~'mol~?
K, =4.22:10~2 T%5 exp(+7640/T)

Rate Coefficient Data

kfcm® molecule ! s~1] T[K] Reference Comments
Rate Coefficient Measurements

1.310-% 298 Ashfold er al. (1981)! (@

1.05-10-10 298 Langford, Petek, and Moore (1983)? (b)
Reviews and Evaluations

1.2:10™ 298 Tsang and Hampson (1986)* (c)

Comments

(a) Pump and probe experiments, with *CH; produced by
IRMPD of acetic anhydride and detected by LIF.
Measure total rate of removal of 'CH..

(b) Excimer laser flash photolysis of ketene at 308 nm
and time-resolved dye laser absorption spectroscopy
of 'CH,. Measure total rate of removal of 'CH..

(c) Based on Refs. 1 and 2.

Preferred Values
k = 1.2107 cm® molecule ! s~! over range 300~1000 K

Reliability
Alog k = = 0.3 at 1000 K reducing to = 0.1 at 300 K
Comments on Preferred Values

Both measurements refer to the total rate of removal
of 'CH: and could include a contribution from the deacti-

vation to *CH;. Ashfold et al.! argue against such a contri-
bution from a comparison of thc magnitudc of the ratc
coefficient with those for deactivation of 'CH, to *CH; by
inert gases. In addition, Braun et al.* detected the CH;
product and demonstrated that more than 80% of the
overall 'CH, removal led to methyl radical production.
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'CH: + C:H. — CH:CCH: 1)
—> CH,CCH )
— C3Hs + H (3)
-_> 3CH2 + CQHQ (4)

Thermodynamic Data
AH3g (1) = —462 kJ mol~?
AS%e (1) = —160 I K~mol-1
K,(1) = 2.0310~1° T°3 exp(+ 56020/T) atm~*

AH3g (3) = —113 kI mol~?
AS3s (3) = —24.4 JK~'mol !
K,(3) = 4.76:10~5 T'® exp(+14020/T)

AH3os (2) = —467 KJ mol~?
AS%e (2) = —183 TK='mol-?
K,(2) = 2751071 T%2 exp(+56600/T) atm™*

AH3s (4) = —37.7 kJ mol-!
AS3s (4) = 6.8 J K~'mol !
K,(4) = 2.17 TO%6 exp(+4520/T)

Rate Coefficient Data (k = ki + k2 + ks + ki)

k[cm® molecule~! s~!] T[K] Reference Comments
Rate Coefficient Measurements
2.1-1071° 295 Canosa-Mas, Frey, and Walsh (1983)'2 (a)
3.7110-1© 298 Hack et al. (1988)° (b)
kslk = 0.22
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Comments

(a) Excimer laser flash photolysis of ketene (308 nm) in
the presence of Ar and C;H,. Products detected by
GC. Pressure = 400 Torr. Product distribution simu-
lated by numerical integration. Partial decomposition
of the adduct occurred at the pressure employed. An
RRKM calculation® gives a decomposition rate for
CsH; of 4.5-10% s™1, and an effective stabilization rate
constant in argon of 2.1-10™" cm® molecule™! s~
The complexity of the system suggests a greater un-
certainty than the * 25% proposed by the authors.
The relative rates of reactions (1) and (2) are given
as 1:1.6.

(b) Laser flash photolysis of ketene (308 nm), !CH; de-
tected by LIF. Production of *CH, (channel (4)) de-

tected by LMR.
Preferred Values

k = 3.7.10® cm® molecule ™! s™! over range 300~1000 K
kak = 0.22

647

Reliability
Alog k = * 0.7 at 1000 K reducing to + 0.3 at 300 K
Aky [k = = 0.1

Comments on Preferred Values

The direct measurement of Hack et al.? has been pre-
ferred, the complexity of the system employed by Canosa-
Mas et al.'* makes their value less reliable, although their
measurements help to confirm the overall rate coeffi-
cient, which is unlikely to show a strong temperature de-
pendence. A general discussion of the 'CH; — 3CH,
deactivation may be found on p644. k2 may decrease
slightly with temperature.
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1CHz + C2H4 i CsHs (1)

i 3CH2 + CzH4

Thermodynamic Data
AH3s (1) = —457 kJ mol™!
AS39s (1) = —150 J K~'mol~?
K,(1) = 25.7 T°5™ exp(+55400/T) atm™*

(@

AH;gg (2) = —-377KJ In()l_l
AS35 (2) = 6.8 J K~ 'mol~!
K,(2) = 2.17 T°"6 exp(+4520/T)

Rate Coefficient Data (k = ki + k)

k[cm?® molecule ™! s~1) T [K] Reference Comments
Rate Coefficient Measurements
1.5-10-1 295 Langford, Petek, and Moore (1983)! (a)
ki = 2107 295 Canosa-Mas, Frey, and Walsh (1985)* (b)
kafky = 0.15 295 Bohland, Temps, and Wagner (1985)* (c)

Comments

(a) Excimer laser flash photolysis of ketene (308 nm) fol-
lowed by time-resolved detection of 'CH, by cw dye
laser absorption.

(b) Excimer laser flash photolysis of ketene (308 nm) in
the presence of Ar and C;Ha. Products detected by
GC. Pressure approximately 400 Torr. Product distri-
bution simulated by numerical integration. Assumed
same rate coefficient for !CH, + CH, and 'CH, +
CH,CO.

(c) Excimer laser flash photolysis of ketene (308 nm),
LMR detection of *CH,. Assumed triplet quantum
yield at 308 nm = 0.0. The k»/k; value represents an
upper limit.

Preferred Values

k = 1.5107" cm® molecule ! s~! over range 300-1000 K
ka/ki = 0.15 over range 300-1000 K

Reliability
Alog k = = 0.5 at 1000 K, reducing to + 0.2 at 300 K
Alk2/k) = = 0.1

Comments on Preferred Values

The more direct measurement of Langford etal.! is
preferred, because of the assumptions made by Canosa-
Mas et al ? and the complexity of their system; their value
provides confirmation of the direct value. The tempera-
ture dependence is unlikely to be pronounced for such a
large rate coefficient. Even at 295 K, in the presence of
400 Torr of Ar, Canosa-Mas et al 2 failed to detect signif-
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icant yields of cyclopropane and, especially at higher tem-
peratures, the product can be taken as propene. A gen-
eral discussion of !CH, — 3CH; deactivation may be
found on p644. k> may decrease slightly with tempera-
ture.
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CH;: + M>CH.+H+ M

Thermodynamic Data
AH39s = 459 kJ mol !
AS5s = 116 JK~'mol !
K, = 1.61-10* T%™! exp(—55200/T) atm

Rate Coefficient Data

k[cm® molecule™ 5] TK] Reference Comments
Rate Coefficient Measuremenis

1.0-107% exp(—44900/T) 1700-2300 Bhaskaran, Frank, and Just (1979)! (a)

3.23.10~# exp(—46100/T) 2150-2850 Roth, Barner, and Lohr (1979)? (®b)
Reviews and Evaluations

1.7-10~# exp(—45600/T) 1500~-3000 Warnatz (1984)° ©

Comments

(a) Shock-tube decomposition of C;Hs/O, mixtures with
direct detection of H and O by atomic resonance ab-
sorption spectrometry.

(b) Shock-tube study of the decomposition of C;Hs in Ar
with direct measurement of time dependent [H].

(c) Based on data of Bhaskaran et al.! and Roth etal 2.

Preferred Values

k = 1.7107% exp(—45600/T) cm? molecule™! s~! over
range 1500-3000 K

Reliability
Alog k = £ 0.5 over range 1500-3000 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Comments on Preferred Values

We have adopted the recommendation of Warnatz®
which is based on the experimental data of Bhaskaran
etal.! and of Roth et al 2
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CHa + Oz > CHaO + 0 (1)
5> CHO+OH (2)

Thermodynamic Data

AHs (1) = 120 kJ mol - AH3o (2) = —223 kI mol ™

AS%s (1) = —96.6 J K~'mol~! AS3 (2) = 3.1 JK~'mol~!

K,(1) = 1.1310-2 T°%* exp(— 14100/T) K,(2) = 4.32 T~ exp(+26800/T)

Rate Coefficient Data

k[cm?® molecule ! s™!] T[K] Reference Comments
Rate Coefficient Measurements

< 510-Y7 1000-1220 Baldwin and Golden (1978)! (a)

ki = 1.210~" exp(— 12900/T) 1700-2300 Bhaskaran, Frank, ®)

ks = 8610~ exp(— 17400/T) 1700-2300 and Just (1979)

ky = 167-10~™° exp(—15500/T) 11501560 Hsu et al. (1983)? ©

ky = 3.7:1071° exp(— 17000/T) 1430-2150 Saito et al. (1986)* @

Ky = 5.310~3 exp(—4500/T) 1430-2150

k; = 5.6:10~* exp(—4500/T) 1100-1600 Fraak and Zellner® (e)
Reviews and Evaluations

ky = 251071 exp(—14400/T) 1000-2300 Warnatz (1984)7 ®

ki = 3.3107° T'57 exp(—14710/T) 300-2500 Tsang and Hampson (1986)* ®

Comments

(a) Very low pressure pyrolysis of (CH;z):N: in the pres-
ence of O,, with mass spectrometric detection of
CHs. With [O;] in excess of (CHs)2IN2 by a factor of
100, no detectable change in CHs mass peak was ob-
served. Upper limit rate coefficient deduced from es-
timated limit of detection of change in CH; peak.

(by Shock-tube decomposition of C;H¢/O, mixtures with
direct detection of H and O by atomic resonance ab-
sorption spectrometry. Rate coefficients derived
from a computer simulation of the [H] and [O] pro-
files.

(c) Shock-tube study of the decomposition of dilute mix-

tures of (CHsN). in O with detection of time-re--

solved profiles of CO product formation. Rate data
derived from kinetic modelling of CO formation.

(d) Shock-tube study of the decomposition of mixtures of
C;Hs/O/Ar and CH;1/O-/Ar with time-resolved mon-
itoring of O, H, and OH. Rate coefficients derived
from kinetic modelling of experimental profiles
based on a mechanism of 18 elementary reactions.

(e) Shock-tube study of the decomposition of (CH;N) in
presence of O, and Ar with time-resolved measure-
ments of [CH;] and [OH] at 216 and 308 nm respec-
tively. Derived rate coefficients are comparable with
above tabulated Arrhenius equation obtained from
an RRKM calculation® for k;.

(f) Based on data of Brabbs and Brokaw’ and of
Bhaskaran et al.!.

(g) Based on data of Bhaskaran et al.! and of Hsu et al ?
and assuming that the reaction proceeds via CH;0:.

Preferred Values

ki
k,

2.2107"° exp(—15800/T) over range 300-2500 K
5.5107" exp(—4500/T) over range 1000-2500 K

[

Reliability
A]Og ki
AlOg kz

0.5
0.5

I+ 1+

Comments on Preferred Values

The rate coefficients reported for channel (1) fall into
two groups, i.e.the data of (i) Brabbs and Brokaw® and of
Bhaskaran ef al? and the data of (ii) Hsu efal } and of
Saito et al.*. At 1669 K these two sets of results yield val-
ues of k, which differ by about a factor of 2.5. We have
derived the preferred rate expression from an analysis of
the data of Hsu er al.* and of Saito et a/.* mainly on the
grounds that they involved more comprehensive experi-
mental data than the other two studies. Reitelboim
et al.’’, Dean and Westmoreland", and Zellner and Ewig®
have calculated values of k; from RRKM theory involving
a CH;O; intermediate. In all cases the calculated rate co-
efficients are lower than the above recommended value
of k;. The recent studies of Saito et al.* and of Fraak and
Zellner’ have confirmed that channel (2) is the favoured
route in the reaction between CH; and O,. The above
recommended value of k; is a mean of the sets of re-
sults**, which are in excellent agreement. In this case the
calculated rate coefficients (k) based on RRKM theory
are totally consistent with the experimental data.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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CHs + O; (+ M) > CH;0; (+ M)

Thermodynamic Data

AH39s = —135 kJ mol—!

AS%s = =126 J K~ 'mol ™!

K, = 9.45-10~5 T~557 exp(+15930/T) atm~!

Rate Coefficient Data

k[cm® molecule ! 5~1] TIK] [M] [molecule cm ™3} Reference Comments
Rate Coefficient Measurements

Low Pressure Range \

3.410-3 [He] 295 (0.2-2.2)-10"7 (He) Plumb and Ryan (1982)! (a)
8.010~32 exp( + S60/T)) [Ar] 230-568  (6-30)-10' (Ar) Pratt and Wood (1984)° (b)
4.810% [Ar] 298 (1.7-19)10' (Ar) Selzer and Bayes (1983)* ©
4.810-3 [Ar] 298 (1.0-15)10% (Ar) Pilling and Smith (1985) (d)
7.0-107% [Ar] 298 (6.0-3600)-10" (Ar) Cobos et al. (1985)° (e)
8.0-1073 [N,] }(N2)

1.510-2 T-33 [Ar] 334-582  (0.5-15)10' (Ar) Keiffer, Pilling, and Smith (1987)° ®
High Pressure Range

1.110-12 298 (1.0-15)-10'® (Ar) Pilling and Smith (1985)* ()
2.210-12 298 (6.0-3600)-10'* (N,Ar) Cobos et al. (1985)° ©
1.310715 T12 334-582 (0.5-15)10" (Ar) Keiffer, Pilling, and Smith (1987)° ®
1.2:10-12 298 (3.3-450)-10'" (He) Caldwell, Parent, and Nelson (1989)” (2)
Reviews and Evaluations

ko = 7.010-% T3 [Ny] 260-300 Baulch et al. (1982)* (h)
ko = 201012 260-400

F(Nz) = exp(—T/360) +

exp(—1440/T)

ko = 4.1:10-% T-20[N,] 200-300 DeMore et al. (1987)° )

ko = 2910°8 T-17
F. =06

Comments

(2) Discharge flow, mass spectrometry. CH; generated
from F + CH.. ko obtained by extrapolation using
ke = 2107 cm® molecule~! s™, F. = 0.51.

(b) Discharge flow, analysis by gas chromatography. CH,
generated by H + CH,. ko obtained by fits using
same parameters as Plumb and Ryan’.

(¢) Laser flash photolysis, photoionisation mass spec-
trometry. CHs generated by 193 nm photolysis of ni-
tromethane. Relative collisional efficiencies Ar : N ;
O; : He determined as 1.0 : 1.1 : 1.1 : 1.9.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

(d) Laser flash photolysis, absorption spectroscopy. CHs;
generated by 193 nm photolysis of azomethane.
Demonstrated that earlier flash photolysis/absorp-
tion spectroscopy experiments were in error because
of neglect of CH; + CH;O,. Technique devised to
eliminate contributions from this reaction.

(e) Laser flash photolysis, absorption spectroscopy in
high pressure cell. CH; generated by 193 nm photol-
ysis of azomethane.

(f) Laser flash photolysis, absorption spectroscopy. CH;
from 193 nm photolysis of acetone.
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(g) Laser flash photolysis, resonance enhanced multi-
photon ionisation detection of CHs;. CHs generated
from 266 nm photolysis of CH;I.

(h) Based mainly on earlier flash photolysis studies at
high radical densities, where radical-radical reac-
tions play a significant role.

(i) Based on Ref. 5 (k) and on the low pressure results
of Refs. 1 and 3.

Preferred Values

ko = 1.5:10~2 T-%*3 [Ar] cm® molecule ™! s™! over range
300-800 K

ko = 1.6107%2 T733 [N;] cm® molecule™! s~ over range
300-800 K

ko = 1.3107" T'? cm® molecule™! s™! over range 300-
800 K

F. = 0.466-1.30110"* T

Reliability
Alog k = % 0.3 over the temperature range 300-800 K
and the pressure range 0.5-1500 Torr

Comments on Preferred Values
The rate parameters are determined from the data of
Refs. 3, 4, and 6 but they are in good agreement with the

data of Refs. 2 and 7. The fits do not reproduce the high
pressure data of Cobos et al. suggesting that this repre-
sentation is unsatisfactory at higher pressures.
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CHa + 02 i CH30 + 0
— HCHO + OH

d CHaOz
T/K
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CH3+ Hz—>CH4+ H

Thermodynamic Data
AH39% = —2.6 kJ mol ™!
AS%s = —24.0 JK~'mol ™!
K, = 5511072 T2 exp(+638/T)

Rate Coefficient Data

kfcm?® molecule ™! s7!] T[K] Reference Comments
Rate Coefficient Measurements
1.32:107 T2 exp(—4810/T) 372-1370 Kobrinsky and Pacey (1974)! (a)
8.310 exp(~5290/T) 584-671 Marshall and Shahkar (1981)2 (b)
3.310~" exp(~7200/T) 1066-2166 Moller, Mozzhukhin, and
Wagner (1986)° ©)
Reviews and Evaluations
2.57:10"1 exp(— 7801/T) 1200-2000 Clark and Dove (1973)* ()
1.410712 exp(—5490/T) 370-700 Kerr and Parsonage (1976)° (e)
111072 T39 exp(—3900/T) 300-2500 Warnatz (1984)° ®
4.8:10722 T312 exp(—4384/T) 300-2500 Tsang and Hampson (1986)’ ®
Comments Reliability
Alog k = = 0.15 over range 300-700 K

(a) Pyrolysis of neo-CsHj; in the presence of Hz in a flow
system over the temperature range 826-968 K. End-
product analysis for CHs and C;Hs. Rate equation for
temperature range 372-1370 K includes earlier data.

(b) Pyrolysis of (CHsN); in the presence of H; in a flow
system. End-product analysis for CHs and C,Hs. Ki-
netic treatment of data gives k(CH; + H,) directly
without involving k(CHs + CHs).

(c) Shock-tube study with time resolved measurement of
[CHs] by absorption at 216.5 nm. CH3 produced from
decomposition of (CH3)«Sn, (CH3)N: or (CH;).Hg.

(d) Shock-tube study of the pyrolysis of (CH:N), in the
presence of H; over the temperature range 1272-
1370 K. Rate coefficient at 1340 K derived from a
computer simulation of the experimental concentra-
tion-time profiles of CH, and C;Hs. Rate equation
for temperature range 1200-2000 K includes earlier
literature data.

(e) Linear least-mean squares fit of literature experi-
mental rate coefficients.

(f) Fit of three parameter rate equation to data analysed
in comment (d).

(g) Rate equation obtained from re-analysis of available
experimental data.

Preferred Values

k = 1.14107® T*™ exp(—4740/T) cm® molecule ™' 57!
over range 300-2500 K

+
= =+ 0.3 over range 700-2500 K

Comments on Preferred Values

The above recommendation is from a re-analysis of the
data base used by Tsang and Hampson’ together with the
more recent high temperature measurements of Moéller
et al *. This latter study, which involved direct monitoring
of [CH3], provides a firmer base concerning the curvature
of the Arrhenius plot and the reliability of the rate coef-
ficients at higher temperatures.

It has already been pointed out®’ that there is a dis-
crepancy between the ratio of rate coefficients for this re-
action and the reverse reaction and the equilibrium
constant calculated from thermochemical data.

References

'P. C. Kobrinsky and P. D. Pacey, Can. J. Chem. 52, 3665 (1974).

R. M. Marshall and G. Shahkar, J. Chem. Soc., Faraday Trans. I, 77,
2271 (1981).

*W. Méller, E. Mozzhukhin, and H. Gg. Wagner, Ber. Bunsenges. Phys.

Chem. 00, 854 (1086).

*T. C. Clark and J. E. Dove, Can. J. Chem. 51, 2155 (1973).

%J. A. Kerr and M. J. Parsonage, “Evaluated Kinetic Data on Gas Phase
Hydrogen Transfer Reactions of Methyl Radicals”, Butterworths,
London (1976).

¢J. Warnatz, in “Combustion Chemistry”, ed. W. C. Gardiner, Springer-
Verlag, New York (1984).

"W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1986).

J. Phvs. Chem. Ref. Data. Vol. 21. No. 3. 1882



654

-11.0

-12.0

-13.0

— —14.0

1

_'f/)

i

Q

5

o -15.0

(]

-

:

)

3 -18.0

~

~

N’

[=T4]

(o]

—
-17.0

-18.0

-19.0

-20.0

BAULCH ET AL.
CH3+ Hz—)CH4+H
T/K

2000 1000 500 400

300

EXPERIMENTAL DATA
a Gowenlock et of 1953
Gesser and Steacie 1956
A Benson and Join 1959
——————— Shapiro ond Weston 1972
@] Clark and Dove 1973
[ ] Kobrinsky and Pocey 1974
o Marshall ond Shohkar 1981
................... Moller et ol 1986

This Recommendotion 1989

0.5 1.0 1.5 2.0 2.5
10°77t Kk

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

3.0

3.5




EVALUATED KINETIC DATA FOR COMBUSTION MODELLING 655

CHs + CHs b d H + CQHs (1)
— H: + C:H, (2)
CH; + CH; (+ M) — CzHs (+ M) (3)

Thermodynamic Data
AH3s (1) = 43.8 kJ mol ™!
AS%e (1) = ~21.9 JK~'mol !
K,(1) = 2.21:10-* T%™! exp(—4790/T)

AH3es (3) = =375 k] mo] ~*
AS5s (3) = —159 J K~ 'mol~!
K,(3) =2.41-10""° T%36 exp(+45700/T) atm™*

AH3s (2) = —239 kJ mol ™!
AS3e: (2) = —38.3 JK~'mol~!
K,(2) = 1.21-10~% T exp(+29050/T")

Rate Coefficient Data (k = ki + k2 + ki)

k [cm® molecule ! s71] T[K] Reference Comments
Rate Coefficient Measurements
k; = 1:10~7 exp(~21600/T) 2000-2700 Gardiner et al. (1975)! (a)
k = 161078 exp(—15400/T) 1700~-2000 Tsuboi (1978)° (b)
kilk: = 1.0
ki = 1.3:107? exp(—13400/T) 1650-2100 Roth and Just (1979)° ©)
k2 = 1.7110~® exp(—16100/T)
ky = 2510713 1700 Chiang and Skinner (1981)* (d)
ki1 = 1.3:107'2 exp(—6562/T) 1600-2500 Kiefer and Budach (1984)° (e)
ki = 4.7:107!! exp(—6840/T) 1320-2300 Frank and Braun-Unkhoff (1987)¢ (3]
Reviews and Evaluations .
ki = 1.3-107° exp(—13400/T) 1500-3000 Warnatz (1984)7 ®
k» = 1.710~% exp(— 16100/T) 1500-2500
ki = 3-10~12 exp(—5248/T) Tsang and Hampson (1986)® (h)

Comments

(a) Methane pyrolysis in shock wave; time of flight mass
spectrometry. IR laser absorption and laser
schlieren. Numerical integration of complex scheme.

(b) Shock tube study of C;Hs, C:Hs/O:. Monitored CH3
by absorption, decay second order in methyl, sug-
gested contribution from (k; + k).

(¢) Reflected shock wave study of dilute Cills in Ar; 11
detected by atomic resonance absorption spec-
troscopy.

(d) Study of shock heated C;Hg, C;Ds mixtures by atomic
resonance absorption spectroscopy of H. Need addi-
tional source of H at higher temperatures when H +
C;Hs — C;Hs — C;H, + H becomes unimportant on
the monitoring time scale.

(e) Argue that previous estimates are too high. Shock
wave study of C;He/Kr mixtures by laser schlieren.

(f) Shock tube/atomic resonance absorption study of H
with a variety of CHj precursors (CHsN,CH;, CHsl,
C;Hg, all in Ar) to cover a wide range of tempera-
tures. Numerical integration.

(g) Evaluation. Adopted the values of Roth and Just®.

(h) Based on k., and K,.

Preferred Values

ki = 510™" exp(—6800/T) cm® molecule™ s™! over
range 1300-2500 K

k2 no recommendation
Reliability

A]()g ki= =06
Comments on Preferred Values

Considering the indirect nature of most of the experi-
ments, they give remarkably consistent results, although
Kiefer and Budach’s® values seem too low. The preferred
value is based on the recent, more direct data of Frank
and Braun-Unkhoff®, It should be noted, however, that
extrapolation of values based on the low temperature k-,
values and the equilibrium constant gives k;, = 7-107%2
exp(—6300/T) cm® molecule ™! s™* over the range 1300~
2500 K.
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°P. Frank and M. Braun-Unkhoff, 16th Int. Symp. Shock Tubes and
Waves (1981).

’J. Warnatz, in “Combustion Chemistry”, ed. W. C. Gardiner, Springer-
Verlag, New York (1984).

8W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
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BAULCH ET AL.

CHa + CH3(+M) - Csz('l" M)

Thermodynamic Data
AH3gs = —375 kJ mol™}
AS355 = ~159 J K~'mol~?!
K, = 2.41:107'° T%26 exp( +45700/T) atm~!

Rate Coefficient Data

250-1400

k[cm® molecule~! s~1] TK] {M] [molecule cm~3] Reference Comments
Rate Coefficient Measurements
Intermediate Fall-off Range
4.010-1 250450 (3.2-29.4)10" (N,) Parkes et al. (1976)! (a)
5510t 295 1.610" (Ny) - Callear and Metcalfe (1976) ()
2.010-% 450 6.410' (He) Van den Berg (1976)° ©
4010~1 6.4-1017
3.210~12 1350 1.2-10" (Ar) Glinzer et al. (1976)* d)
1.3-10~1 1.5-10%°
1.810~4 6.0-10%°
1.610-4 1.2.10%
5.2:10-4 295 2.5-10" (N2) Hochanadel ef al. (1977)° ©)
7.0-10-12 640-818 1.0-10" (Ar) Sepehrad et al. (1979)¢ ®
8010~ 12 1.9-10"
2410712 1700-1800 1.4-10" (Ar) Zaslonko and Smirnov (1979) (€3]
5.3-10-1 295 1.6:10* (n-pentane) Adachi et al. (1980)* (h)
1.1-10-4 823 4.7-10'% (n-pentane) Pacey and Wimalasena (1980)° @)
261071 5.4107
6.0-10~-1 3.9-.10%
5.510-1 296 2.5:10" (Ar) Hippler et al. (1984)'° G
63101 2.5.102
5.010-1 5.2-10%
5.0-10-1 2.8:10" (N»)
4.610~4 2.5-10%
2,610~ 2.510%
1810~ 5.0-10%
5.2-10-1 296 1.6:10"7 (Ar) Macpherson et al. (1985)"! k)
5.710~11 1.3-10
6.0-10~1 1.6-10"
1910~ 1 5717 8.4:10' (Ar)
3.5-10-1 1.1-10%
4.1-10-1 6.6:10'
38101 302 1.3-10" (N3) Arthur (1986)" )
4.0-10-1 2.7-10*
401071 1.8-10"
471071 373-463 6.310'7 (N,) Arthur and Biordi (1986)*3 (m)
4.410~1 296 3.810% (Ar) Slagle et al. (1988)** (n)
5.2:10-4 3.4-10"
3.410"12 906 4.0-10' (Ar)
1.5-10-12 7.9-107
2.9-10-1 6.4-10"
High Pressure Range .
581074 296 (2.5-523)10" (Ar) Hippler et al. (1984)"° ®
" Reviews and Evaluations
ko = 511071 300 Quack and Troe (1977)"% (©
ke = 4810™" 1300
k. = 410-1 250420 Baulch and Duxbury (1980)"” (»)
ke = 4-10-"’ T-04 300-1200 Warnatz (1984)' (q)
ko =1.710"° T-064 250-1400 Tsang and Hampson (1986)"° (r)
ke = 1.510°7 7118 exp( 329/T) 300-2000 Wagner and Wardlaw (1988)*° (s)
ko = [Ar] 8.810~7 T~ exp(—1390/T)
F. = 0.38 exp(—T/73) + 0.62 exp(— T/1180)
ko = 610~1 300-1400 Troe (1989)% ®
ko = 174107 T~ Tsang (1989)% (v)
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Comments

(a) Molecular modulation spectroscopy, CHs detection
at 216 nm.

(b) Flash photolysis of HgMe,, k =4.910"" cm’
molecule ! s™! for 2 CD; + M —» C,Ds + M; CH;
detection at 216 nm.

(c) Flash photolysis of HgMe;, CH; detection at 216 nm,
pressure dependence between 3 and 30 Torr.

(d) Shock wave pyrolysis study of azomethane at 1200-
1500 K, CH; detection at 216 nm, fall-off curve
between 170 and 17000 Torr, rate coefficients for
2CD; + Ar —» C,Ds + Ar identical to those for
methyl recombination.

(e) Flash photolysis of azomethane, CHs detection at 216
nm.

(f) Discharge-flow study of the reaction H + CH,, mod-
elling of the mechanism.

(g8) Shock wave pyrolysis study of tetramethyl tin, CH;
detection at 216 nm.

(h) Flash photolysis of azomethane, CH; detection at 216

nm.

(i) Flow pyrolysis of neo-pentane, study of the induction
period.

(j) Excimer laser flash photolysis of azomethane at 193
nm, CH; detection at 216 nm, onset of diffusion con-
trol seen in high pressure N;. Results for Ar shown in
Fig. 1.

(k) Excimer laser flash photolysis of azomethane at 193
nm, CH; detection at 216 nm, temperature depen-
dence between 296 and 577 K.

() Molecular modulation spectroscopy, CH; detection
at 216 nm.

{m) Rotating sector measurements based on acetone
photolysis.

(n) Excimer laser flash photolysis of acetone at 193 nm,
analysis by photoionization mass spectrometry at low
pressures and by absorption spectroscopy at higher
pressures. Results shown in Fig. 1. Experiments also
with M = He from 296 to 810 K. Fall-off curves with
M = Ar for many temperatures between 296 and
906 K.

(0) Statistical adiabatic channel modelling. Value for
300 K fitted to the experiments, value for 1300 K cal-
culated on the basis of this fit. Evaluation of earlier
work in Ref. 16. )

(p) Systematic evaluation of earlier work.

(q) Data evaluation and simplified fall-off construction.

(r) Construction of fall-off curves over the range 300-
2500 K.

(s) Modelling with variational transition state theory,
RRKM theory, and including weak collision effects.
Based on experimental data from refs. 4, 10, 11, and
14.

(t) Modelling of experimental data form refs. 4, 10, 11,
and 14 with constant k.., such as suggested by statis-
tical adiabatic channel model from Ref. 15.

(u) See comment (r).

Preferred Values

ke = 6.0-10~" cm® molecule ! s~! over range 300-2000 K

ko = [Ar]3.5:1077 T~7 exp(— 1390/T) cm® molecule ! s!
over range 300-2000 K

F. = 0.38 exp(—T7/73) + 0.62 exp(—T/1180)} over range
300-2000 K

Reliability

Alog k. = % 0.05 at 300 K

Alog k. = = 0.3 at 2000 K

Alog ko = = 0.3 over range 300-2000 K
AF. = = 0.1 over range 300-2000 K

Comments on Preferred Values

The recent work from Refs. 4, 10, 11, and 14 has pro-
vided extensive data on the pressure and temperature de-
pendence of this reaction for temperatures below 1000 K.
At T > 1000 K, data arc still scarcc and rcliable cxtrap-
olations to the limiting rate coefficients are difficult to
make. Fig. 1 summarizes these experimental results, The-
oretical modelling helps to extend the range of condi-
tions, The modelling of k.. from Ref. 15 here is preferred,
since it appears to give a better fit to the high tempera-
ture data? and is in better accord with weak temperature
coefficients found for a series of bimolecular capture rate
constants. The expressions for ko and F. are based on the
modelling of Ref. 20, however, the values for k, had to be
scaled by a temperature-independent factor in order to
accomodate the chosen k. value.
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CH; + HCHO — CH, + CHO

Thermodynamic Data
AH3y = —61.2 kJ mol™!
AS%s = —20.7 J K~ 'mol~?
K, = 2.1 T~ exp(+7360/T)

Rate Coefficient Data

k[cm® molecule ™! s7] TIK] Reference Comments
Rate Coefficient Measurements
5.33107 1005 Held et al. (1977)! (a)
2.1-10~ ! exp(—5415/T) 788-935 Manthorne and Pacey (1978)? )
1.6610~12 exp(—3887/T) 399-434 Selby (1978)° (©)
1.4-1072 exp(—3502/T) 500-603 Anastasi (1983)* @
Reviews and Evaluations
1.75:10~** exp(—3080/T) 300-500 Kerr and Parsonage (1976)° ()
1.75-10~"* exp(—3080/T) 300-500 Warnatz (1984)° ®
9,210~ T2%! exp(—2950/T) 300-2500 Tsang and Hampson (1986)7 (3]
Comments Reliability

(a) Flow pyrolysis of dimethyl ether to generate CH; and
HCHO. [CH3] measured by UV absorption, CO,
CH,, and C;H, by gas chromatography. Independent
values of k and k(CHs + CH3) reported.

(b) Flow pyrolysis of dimethyl ether; CO, CH,, and C;Hs
measured by gas chromatography. k relative to
k(CHs + CHs) = 4.03-10"" cm® molecule™ s7*.

(c) Pyrolysis of di-z-butylperoxide; product analysis by
gas chromatography.

(d) Molecular modulation-UV absorption detection of
CH; at 216 nm in presence of excess HCHO; CH;
produced by photolysis of acetone; first order rate
constants corrected for contribution (up to 30%) due
to CH; + CH3;COCH; reaction. Contribution due to
radical + radical reactions estimated from measure-
ments of CH, and other products by gas chromatog-
raphy.

(e) Based on data of Blake and Kutske® and Toby and
Kutske’ obtained from pyrolysis of di--butylperoxide
and photolysis of of CH;NNCH: respectively.

(f) Accepts the recommendation of Kerr and Parson-
age’,

(g) Based on data in Refs. 1, 2, and 4 and the low tem-
perature data evaluation of Kerr and Parsonagc®.

Preferred Values

k = 6.8107" exp(—4450/T) cm® molecule™ s~! over
range 300-1000 K

Alog k = #= 0.3 over range 300-1000 K

Comments on Preferred Values

The only direct study of this reaction is that of Anas-
tasi, the other values being relative to methyl radical re-
combination. The direct measurements which cover an
intermediate temperature range are higher than pre-
dicted from the expression given by Manthorne et al .from
non-linear least squares analysis of the high (800-1000 K)
and low (350-420 K) temperature data. The evidence for
non-Arrhenius behaviour is less clear cut than in the case
of CH; + CH3;CHO, in the absence of reliable data at
T > 1000 K. The preferred Arrhenius expression is
based on a best fit to the data of Selby’, Anastasi‘, and
Manthorne et al 2.
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CH, + C;H, — CH,CH=CH (1)
— CH; + C:H (2)

Thermodynamic Data
AH3¢ (1) = —238 kJ mol ™!
AS3s (1) = —138 J K~ 'mol !
K,(1) = 1.3710~%° T=°™5 exp(+29300/T)

AH395 (2) = 113 kJ mol ™!
AS3y (2) =
K,(2) = 39.9 T°% exp(—13700/T)

~1.5JK 'mol™!

Rate Coefficient Data

k[cm?® molecule™! s—!] TiK] Reference Comments
Rate Coefficient Measurements

ky = 1310~ exp(—2760/T) 417-514 Mandelcorn and Steacie (1954)* (a)

ki = 4.2:10'3 exp(~—3900/T) 371479 Garcia-Dominguez and

Trotman-Dickenson (1962)? (b)

ky = 1.0-10~'2 cxp(—3900/T) 379487 Holt and Kerr (1977)* ©)
Reviews and Evaluations

ki = 4.2:107 " exp(—3900/T) 371-514 Kerr and Parsonage (1972)* (d)

Comments

(a) Steady-state photolysis of CH;COCH; in presence of
C:Hz. End-product analysis for CHs, C;Hs and CO. &
derived from a kinetic analysis based on a mass bal-
ance, and a calculated relative to k(CH; + CH;) =
3.6107" cm® molecule ™! s7!,

(b) Steady-state photolysis of CH;CHO in presence of
CH: with end-product analysis for adduct products
and radical dimer. k derived from rate of formation
of adduct produced and calculated relative to
k(CH; + CHs) = 3.6107" cm® molecule™! 57!,

(c). Steady-state photolysis of (CH3CO); in the presence
of CH: and i-C;Hy with end-product analysis
for CHs and CO. k derived from a kinetic analysis
based on a mass balance and calculated relative to
k(CH; i-CiH,) = 13810 Pexp(—4030/T) cm?
molecule™!s™%,

(d) Based on data of Garcia-Dominguez and Trotman-
Dickenson?.

Preferred Values

ki = 11072 exp(—3900/T) over range 300-600 K

Reliability
Alog k = * 0.5 over range 300-600 K

Comments on Preferred Values

As pointed out by Holt and Kerr® the agreement be-
tween the three determinations of the rate coefficient k;
is poor. The largest discrepancy is between the values of
k; reported by Mandelcom and Steacie! and by Garcia-
Dominguez and Trotman-Dickenson®. Here we have rec-
ommended the rate expression determined by Holt and
Kerr® which represents a median position, but this has
been assigned larger error limits. What is required in this
case is a direct study of the rate of this reaction. Use of
the preferred rate equation at temperatures above 600 K
should involve error limits of Alog & + 1.0. There appears
to be no published data’® on the rate coefficient &, but in
view of its endothermic nature this must be a consider-
ably slower reaction than reaction (1). We estimate a rate
coefficient of k2 < 107 c¢m® molecule™ s™! at 600 K,
based on the enthalpy change AH° = 113 kJ mol~! and
an assumed value of 4; < 1:107'° cm® molecule~! s~".
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CH; + C:H. — C;3Hs
— CH, + C:H
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CHa + CZH4 - n-C3H7 (1)
— CH; + C:H; (2)

Thermodynamic Data
AH393 (1) = —104 kJ mol ™!
AS3 (1) = —145 JK~'mol~!
K,(1) = 1381070 T-°78 exp(+12800/T)

AH3s (2) = 13.2 kJ mol !
AS503 (2) = 4.4 JK™*mol~!
K, (2) = 25.7 T** exp(~ 1630 /T)

Rate Coefficient Data

k{cm® molecule™! s™!] TIK] Reference | Comments
Rate Coefficient Measurements
k, = 1.710°1 1038 Chen, Back, and Back (1976)! (a)
ky = 3.5:10~13 exp(—3700/T) 305-503 Holt and Kerr (1977)2 ®)
kz = 8310712 exp(— 6540/T) 1950-2770 Tabayashi and Bauer(1979)° ©
Reviews and Evaluations
ki = 5510 exp(—3700/T) 305-503 Kerr and Parsonage (1972)* (@
k2 = 6.9-10~2 exp(—5590/T) 460-650 Kerr and Parsonage (1976)° (e)

Comments

(a) Pyrolysis of CH, in a static reaction vessel with end-
product analysis by GC. Value of k, derived from
measured ratio kiKuk: (obtained from yields of
propene and acetylene) where k; refers to the reac-
tion n-GH; - GHs + M (3) and K, to the equi-
librium CH3 + CH; = n-C;H; (4).

(b) Steady-state photolysis of (CH3CO); in the presence
of C;H, and i{-CiHjo with end-product analysis for
CH, and CO. & derived from a kinetic analysis based
on a mass balance and calculated relative to
k(CHs + i-CiHpo = 1.38:107" exp(—4030/T) cm?
molecule™! s, Data incorporated into an updated
evaluation of previous data considered by Kerr and
Parsonage®.

(c) Shock-tube study of the early stages of the pyrolysis
of CHs. Rate expression derived from a computer
analysis to fit predicted to observed profiles of den-
sity gradients. Mechanism of twelve elementary reac-
tions considered.

(d) Evaluation based on data of Brinton®, Hogg and Ke-
barle’, Endrenyi and Le Roy®, and Cvetanovic and Ir-
win’.

(e) Evaluation based on data of Trotman-Dickenson and
Steacie™.

Preferred Values

ky = 3.5107" exp(—3700/T) over range 300-600 K
k2 = 6.9-107" exp(—5600/T) over range 400-3000 K

Reliability
Alog k; = *= 0.3 over range 300-500 K
Alog k; = = 1.0 over range 400-3000 K

Comments on Preferred Values

There is reasonable agreement among the steady-state
photolysis measurements of ki1 over the temperature
range 300-500 K. Here we have selected the updated
evaluation of Holt and Kerr® which includes several ear-
lier studies®”. The use of this rate expression at tempera-
tures above 500 K should certainly involve larger error
limits and we suggest Alog k; = = 0.5 up to 2500 K. The
preferred rate expression for k; is from the evaluation of
Kerr and Parsonage’® which is derived from the low-tem-
perature steady-state experiments of Trotman-Dickenson
and Steacie™. This expression is in good agreement with
the indirect rate coefficients reported by Tabayashi and
Bauer® from high-temperature shock-tube measurements
but not in such good agreement with the rate coefficient
reported by Chen et al.! at 1038 K. More definitive mea-
surements are required at the higher end of the temper-
ature range. The existing results indicate no curvature in
the Arrhenius plot for k; and it has been suggested® that
this conld be due to a mechanism involving an addition
complex rather than a simple H-transfer process.
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CH; + C:H; — C;3H; (1)
— CHs + C2H. (2)

Thermodynamic Data
Ay (1) = —367 kJ mol-!
AS3s (1) = —175 J K™ 'mol !
K, (1) = 4.40-10712 T2 exp(+44700/T)

AH3y (2) — —285 kJ mol~!
AS3% (2) = —40.5 JK~'mol-!
K,(2) = 3.01-10™3 T%%% exp(+34500/T)

Rate Coefficient Data

k[cm?® molecule ™! s™!] T[K] Reference Comments

Rate Coefficient Measurements
ky = 4.2107% 1050-1700 Lifshitz and Frenklach (1975)" (a)
ki = 121071 1300-1700 Koike and Gardiner (1980) 2 (b)
ki = 1.3-10~** exp(+5700/T) 1300-1700 Simmic, Gardincr, and

Eubank (1982) 3 ©

ki = 1.510716 exp(+ 14700/T) 1500-1650 (d)
ki = 4510~ 308 Arthur and Anastasi (1983)* (e)
k1 = 1.48-10~!! cxp(+856/T) 773-793 Kanan, Purncll, and Smith (1983)° [$3)
ki = 4731071 308 Anastasi and Arthur (1987)¢ (e)
kalky = 0.036 308

Reviews and Evaluations
ky = 121071 300-2000 Warnatz (1984)7 ®
ki* = 471071 (300/T)** 300-2500 Tsang and Hampson (1986)* (h)
kofky = 0.04 300-2500

Comments

(a) Estimated from k; = k- K.

(b) Pyrolysis of C;Hs in Ar behind reflected shock waves
at pressures near 760 Torr, with IR laser absorption
kinetic spectroscopy. k derived from a computer fit of
the absorption profiles based on a mechanism of 44
elementary reactions.

(c) Re-analysis of data of Koike and Gardiner? for exper-
iments with 4.3% Cs;H;s in Ar.

(d) Same experimental procedure as in (b) but at pres-
sures of ~ 1400 Torr and with a mixture of 5% C;H;
in Ar.

(e) Molecular modulation spectroscopy. CH; and C,H;
produced from photolysis of azo compounds at 350
nm. {CH3] and [C;H;] monitored by UV absorption.
k obtained from computer simulation of concentra-

tion nrofileg

() Study of the pyrolysis of CsHs in a static reaction ves-
sel in the presence of C;Ha. ki calculated from kK.

(g) Based on results of Koike and Gardiner?

(h) Calculated from k(CH; + CH;) and £ (C;Hs + C,Hs)
and and combination/cross-combination ratio. Tabu-
lated data also presented to allow for presure depen-
dence.

Preferred Values

k;” = 4.71107" cm® molecule ! s~! over range 300-800 K
k,/k = 0.04

Reliability
Alog k; = =+ 0.3 over range 300-800 K
Ak, Jk = =+ 0.005

Comments on Preferred Values

The preferred value of k; is from the work of Anastasi
and Arthur® at 308 K, which is the most direct study so far
rcported. This recommendation is in cxccllent agreement
with the value of k, derived from a study’ of the pyrolysis
of C;H; at temperatures near 800 K, and based on a cal-
culated equilibrium constant for the reaction. From these
two determinations the temperature coefficient of k;
would appear to be negligible. At the same time the pre-
ferred value of k, is in reasonable agreement with the
value of k; derived by Tsang and Hampson® on the basis
of the values of k(CHs + CH3) and £(C;Hs + C,Hs) and
the cross-combination/combination ratio of rate coeffi-

cients, The prnfnrrnr] value of k.t is from the recom

mended value of the ratio k2/k; = 0.04 which has been
established from low temperature studies’. In keeping
with other disproportionation/combination ratios of rate
coefficients, this value of ky/k; would not be expected to
show any marked temperature dependence.

Tsang and Hampson® have made calculations of the de-
pendence of the value of k; upon concentration and tem-
perature. These become important at temperatures
above 1000 K.

References

'A. Lifshitz and M. Frenklach, J. Phys. Chem. 79, 686 (1975).
2T. Koike and W. C. Gardiner, J. Phys. Chem. 84, 2005 (1980).

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992



666 BAULCH ET AL.

3J. M. Simmie, W. C. Gardiner, and C. Eubank, J. Phys. Chem. 86, 799
(1982).

“N. L. Arthur and C. Anastasi, Bull. Soc. Chim. Belg. 92, 647 (1983).

K. Kanan, H. Purnell, and E. Smith, Int. J. Chem. Kinet. 15, 63 (1983).

®C. Anastasi and N. L. Arthur, J. Chem. Soc., Faraday Trans. II, 83, 277
(1987).

7J. Warnatz, in “Combustion Chemistry”, ed. W. C. Gardiner, Springer-
Verlag, New York (1984).

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

SW. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1986).

9). A. Kerr and S. J. Moss, “Handbook of Bimolecular and Termolecu-
lar Gas Reactions”, CRC Press, Boca Raton, Florida, Vol 2 (1981); J.
A. Kerr and R. M. Drew, “Handbook of Bimolecular and Termolec-
ular Reactions”, CRC Press, Boca Raton, Florida, Vol 3, Part B
(1987).



EVALUATED KINETIC DATA FOR COMBUSTION MODELLING
CHa + C2H5 - CH4 + 02H4

667

e d CaHa

T/K
500

400 300

-10.5

-11:0

Log(k/cm *molecule s ™)

T

-11.5

i

2— (k2)

EXPERIMENTAL DATA

Lifshitz ond Frenklach (k2) 1975
Koike and Gardiner (k2) 1980
Simmie at ol (k?) 1980

Arthur and Anastast (k2) 1983
Konan et ol (k2) 1983
Anastasi and Arthur (k2) 1987
Anastasi and Arthur (kt) 1987
Simmie et al (k1) 1980

This Recommendation (ki) 1989

This Recommendation (k2) 1989

(k1)

-12.0

3.5

2.0

1.0 1.5

1017 K

25 3.0

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992



Thermodynamic Data
AH3gs = —19.5 kJ mol~?
AS%s = 14.7 J K~ 'mol !

K, = 1.61-10? T =55 exp(+2300/T)

BAULCH ET AL.

CH; + C:H¢ — CH,; + C:Hs

Rate Coefficient Data

k[cm® molecule ! s™1] Temperature [K] Reference Comments
Rate Coefficient Measurements
3310~ exp(—5250/T) 389-567 Trotman-Dickenson et al. (1951) (a)
7.1-10~13 exp(—5710/T) 435-614 Wijnen (1955)2 )
1.32:10~!2 exp(— 5810/T) 519-797 McNesby and Gordon (1955)° ©)
5910-% 1350 Clark et al. (1971)* (d)
8.3-10~19 exp( — 10800/T") 1055-1325 Pacey and Purnell (1972)° (e)
7410~ exp(—8770/T) 980-1130 Yampolskii and Rybin (1974)° ®
5.410~" exp(—9060/T) 1055~-1325 Bradley and West (1976)’ (®
6.010-15 880 Chen, Back, and Back (1976)* (h)
7.810-15 995
17.1:107% 1038
19.8-10-%5 1068
1.110-3 1206 Lee and Yeh (1979)° 0]
6.810~15 902 Pacey and Wimalasena (1984)!° @
3310~ exp(—6800/T) 1100-1400 Moller et al. (1987)8 ®)
Reviews and Evaluations
1.17-10-9 exp(—12030/T) :

+ 4.2:10~'* exp(—4580/T) 300-1350 Pacey and Purnell (1972)° (k)
9.15-10~% T* exp(—4167/T) 300-1800 Clark and Dove (1973)" ()
9.310~3 exp(—5840/T) 300-700 Kerr and Parsonage (1976)'2 (m)
9.1510~2 T* exp(~4167/T) 300-2000 Warnatz (1984)'3 (n)
9.1510~% T* exp(—4167/T) 400-2000 Tsang and Hampson (1986)* (o)

Comments

(a) Competitive photolysis of acetone-ds. k for CD; reac-
tion, relative to k(CDs + CDs) = 4.1510™" cm®
molecule™! 572,

(b) Competitive photolysis of acetone-ds. k for CD3 reac-
tion, relative to k(CDs + CD;COCDs) = 8.0-107%
exp(—5760/T) cm® molecule ™! s™! ¥,

{c) Competitive photolysis of acetone-ds. k for CDs reac-
tion, relative to k(CD; + CDsCOCD:s) (k) as in (b).
Values of k; extrapolated from low T data. If log
ki~1/T plot shows upward curvature, values of k may
be too low (see graph).

(d) Shock tube, time-of-flight mass spectrometry, com-
plex system.

(e) Pyrolysis, computer fit of products. Complex system,
k values quoted with considerable error limits, log A
= =91+ 1.0, E = 90 = 20 kJ mol ™%

(f) Pyrolysis of C;Hs + D mixture; competitive tech-
nique. Obtained k/k (CH3 + D). Original values cor-
rected by use of high temperature value of k(CHs +
D;) = 23107 exp(—8120/T) cm® molecule™! s~*
based” on Tsang and Hampson’s!* recommended
value for k(CHs + Hy).

(g) Shock tube, computer simulation of reaction prod-
ucts. Value of k dependent on a number of rate con-
stants.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

(h) Thermal decomposition of C;Hg, product analysis,
complex system. Value of k dependent on a number
of rate constants.

(i) Ethane pyrolysis, computer simulation of products,
complex system. Value of k dependent on a number
of rate constants.

() Pyrolysis in flow system giving k/kV2(CH; + CHs). k
calculated from k(CH; + CH;) = 4.15107" cm®
molecule™! s,

(k) Fit to experimental points between 300 and 1350 K.

(1) Simplified BEBO calculation of k values.

(m) Detailed review of low temperature data.

(n) Recommended without comment.

(0) Recommend the Clark and Dove BEBO calculations
in order to relate the high and low temperature data.

(p) Shock-tube determination with UV detection of CHs.

Preferred Values

k = 2.45:107% T* exp(— 3043 /T) cm® molecule ™" s ™! over
range 300-1500 K

Reliability
Alogk = = 0.1 at 300 K rising to = 0.15 at 1000 K and
to = 0.2 at 1500 K
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Comments on Preferred Values

A sharply curved non-Arrhenius dependence is re-
quired to account for the low and high temperature re-
sults. The Clark and Dove expression lies above the
experimental k values at low temperatures, but does give
a good fit above 800 K. The preferred value of k fits at
high and low temperature, but lies above the McNesby
and Gordon values between 650 and 800 K. However, as
pointed out in comment (c), these values of k may have
been seriously underestimated. A 7° term is required to
explain the curvature observed, although Furue and
Pacey'’ suggest a T expression gives a good fit if tun-
nelling is considered. For high temperature values (1500
2500 K) Clark and Dove’s expression is recommended
(9.15:107% T* exp(—4167/T) cm® molecule ™! s™*). Non-
allowance for fall-off in k(CH; + CH;) may be responsi-
ble for higher than expected values of £ at high
temperatures.
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CH; + C,Hg — CH,; + C:Hs
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CHs; + CH;CHO — CH, + CH.CO (1)
— CH; + CH.CHO (2)

Thermodynamic Data
AH39 (1) = —77.9 kJ mol !
AS%s (1) = —5.09 J K~'mol~!
K,(1) = 66.5 T-416 exp(+9330/T)

AH59: (2) = —30.2 kJ mol~!
AS3: (2) =
K,(2) = 2.93 T~°%7 exp(+3600/T)

—4.0 JK™'mol~!

Rate Coefficient Data

k[ cm® molecule~! 57! ] T[K] Reference Comments
Rate Coefficient Measurements
2.64-10712 exp(— 4240/T) 753-813 Liu and Laidler (1968)" (a)
3.310-3! T59 exp(—860/T) 1051-1225 Colket et al. (1975)* (W)]
Reviews and Evaluations
6.2-10~'2 exp(~3020/T) 300-525 Kerr and Parsonage (1976)* (©)
6.2:1012 exp(—3020/T) 300-525 Warnatz (1984)* (d)

Comments

(a) Pyrolysis of CH;CHO; £ relative to k(CH; + CH; —
C:Hs) = 3.67-107" cm® molecule™! 5!

(b) Pyrolysis of CH;CHO in 1 atm Ny k relative to
k(CHs + CHs) — C;Hs. Above expression obtained
using k(CHs + CH;) = 4.0-107° 7% from Ref. 4
and the expression for k/k**(CHs + CH3) derived by
Colket et al. from their data together with earlier
lower temperature data.

(c) Based on low temperature relative rate data of Kerr
and Calvert’, Brinton and Volman®, Dodd’, Calvert
et al &, Buchanan and McRae®, and Birrel and Trot-
man-Dickenson™.

(d) Accepts recommendation of Kerr and Parsonage.

Preferred Values

k = 3.3-107% 758 cxp( — 1240/T") cm® molccule ™! s~ ! over
range 300-1250 K '

Reliability
Alog k = £ 0.3 over range 300-1250 K

Comments on Preferred Values

There are no direct studies of the kinetics of this reac-
tion and all of the & values are relative to methyl recom-
bination. The results of Colket et al. at T > 1000 K show
a significantly greater activation energy than the data

from lower temperature and taken with the intermediate
temperature data of Liu and Laidlcr, the rate cocfficient
clearly shows non-Arrhenius temperature dependence.
The large amount of low temperature data is broadly self
consistent, although there is a spread of approximately a
factor of 2 in the values near 400 K. The preferred values
are based on a line constructed through the mean of the
low temperature data and the data of Liu and Laidler’
and Colket et al %, both of which appear to be reliable rel-
ative rate studies. There is no experimental data on the
contribution of the second channel. Assuming k; = 1/2
k(CHs + G;Hs), this channel contributes 1% and 7.8% of
the total rate at 500 K and 1000 K respectively.
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CH.(+M) — CH, + H(+M)
Thermodynamic Data
AHggg = 439 kJ l'l‘l()l_l
AS%s = 123 J K~ !'mol !
K, = 5.6810° T1% exp(—52700/T) atm
Rate Coefficient Data
k[s™1 TiK] [M] [molecule cm™3] Reference Comments
Rate Coefficient Measurements
Low Pressure Range
[Ar] 3.3-10-7 exp(— 44800/T)) 1850-2500 (3.3-90.0)-10" (Ar) Hartig et al. (1971)" (@)
Intermediate Fall-off Range
2.5-10" exp(—48300/T) 1850-2500 3.310" (Ar) Hartig et al. (1971)! (a)
4.0-10" exp(— 50800/T)) 9.0-10% (Ar)
1.4-10"? exp(—51800/7) 1750-2575 5.0-10"7 (Ar) Dean and Kistiakowsky (1971)? (b)
3.8:10" exp(—47100/T) 17502700 4.0-10*° (Ar) Napier and Subrahmanyan (1972)? ()
4.0-10° exp(—31700/T) 2000-2700 2.4-10" (Ne) Vompe (1973)* (d)
4.7-10" exp(—46900/T) 1700-2300 6.0-10" (Ar) Roth and Just (1975)° (e)
2.3-10% exp(—32500/T) 2000-2700 6.0-10'7 (Ar) Gardiner et al. (1975)¢ (63]
2.3-10° exp(—32500/T) 6.0-10% (Ar)
0.74-10°% 995 0.5-10* (CH,) Chen et al. (1975) ®
1.32:1078 3.2.10"
2.82-10"® 7.2:10*%
0.39-10~7 1038 0.3-10"
1.38-1077 3.1-10%
2.5710°7 6.9-10'8
0.98-10-7 1068 0.23-10%%
491077 2.1-10'®
8.71-10°7 6.7-10'8
0.69-1076. 1103 0.43-10"®
2.06:10~% 2.0-10'®
3.86-10-¢ 6.5:10'%
2.8-10'2 exp(—44500/T)) 1875-2240 1.2110° (Ar) Bowman (1975)% (h)
2.2:10'2 exp( — 45400/T)) 2000-2700 6.0-10" (Ar) Heffington et al. (1977)° 0]
6.3-10? exp(—45400/T) 17-10%
2.3:10" exp(—43200/T) 1950-2770 1.4-10* (Ar) Tabayashi and Bauer (1979)'° )
9.1-10' exp(=43200/T) 5410
1.13-10-% 1098 2.0-10% (He) Barnes, Pratt, and Wood (1989)!! (k)
137103 3.310%
2.52:10-% 1123 6.5-10"°
3.17-10°3 1.9-.10%°
4.12:10-5 3.2-10%°
5.30-10-3 1148 3.2-10"
8.30-10°° 1.9-10%
10.1-10-3 3.210%
4.44-10°% 1073 2.0-10* (Ar)
5.28-10-6 3.410"
9.80-10°¢ 1098 6.6-10"°
1.20-10°° 2.0-10%°
1.46-1075 3.310%
1.87-105 1123 3.2-10"
2.3110°° 6.5-10"
3.19-10-3 1.9-10%
4321073 1148 3.2-10*
5.39-107° 6.3-10"
3.0410-¢ 1073 3.410" (CHL)
5.11-10°¢ 1.4-10%
4.93-10-¢ 3.4-10%°
8.25-10-6 1098 3.3-10%
1.5210°3 ) 1.3-10®
1.55-10-3 3.310%°
2.27-1073 1123 3.2.10¥
3.63-10°° 1.3-10%
4.20-10°° 3210
6.03 - 10~5 1148 32-10"
850103 1.3-10%®
1.20-107* 32-10%
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CHi(+M) — CH; + H(+M) — Continued

Rate Coefficient Data

k[s™Y] T[K] [M] [molecule cm ™3] Reference Comments
Rate Coefficient Measurements
High Pressure Range
1.310' exp( - 52300/T) 1850-2500 (3.3-90.0)10" (Ar) Hartig et al. (1971)! (a)
2.8-10' exp(—54100/T) 995-1103 (0.43-7.2)-10*® (CH,) Chen et al. (1975)" (g)
1.75:10" exp(—53000/T) 1073-1148 (3:2-33.4)10" (CHy) Barnes, Pratt,'and Wood (1989)" (k)
Reviews and Evaluations
ko = 2.0-10" exp(—52300/T) - Benson and Orq Neal (1970)*? 0]
ko = [Ar] 3.310~7 exp(—44500/T) 1500-3000 Warnatz (1984)" (m)
k. = 1.0:10' exp(— 50500/T") 10003000
ke = 3.7-10' exp(—52200/T) 300-2500 Tsang and Hampson (1986)'4 (n)
ko = 3.7-10'7 T~°558 exp(—52782/T)  300-2500 Stewart et al. (1989)** (o)
ko = [Ar] 1.2:10'¢ exp(—47000/T) 1000-3000 Cobos and Troe (1990)'¢ P)
ke = 2.410' exp(—52800/T) 1000-3000
F(Ar) = exp(—0.45-T/3231) 1000-3000

Comments

(a) Shock wave study of CH,/Ar mixtures. The reaction
was followed by infrared emission of CH, and by in-
frared emission and ultraviolet absorption of the
formed species.

(b) Shock wave study of CH,/O»/CO/Ar mixtures. The
reaction was followed by measuring infrared emis-
sions from CO and O..

(c) The CH, pyrolysis was investigated by a shock waves
technique.

(d) Shock wave study of CH./Ne mixtures. The reaction
was analysed by time-of-flight mass spectrometry.

(e) Direct measurements of the time dependent H atom
concentration during the pyrolysis of CHs/Ar mix-
tures using shock waves technique.

(f) Pyrolysis of CH, in shock waves. The reaction was
followed by time-of-flight mass spectrometry, in-
frared laser absorption, and laser schlieren tech-
nique. ‘

(g) Pyrolysis of CH, in a static system. Initial rates based
on analysis of H,, C;H;, and C;H.. k.. values extrapo-
lated with RRKM theory.

(h) Shock waves study of CH./Oy/Ar mixtures. Reaction
followed by absorption measurements of OH and by
emission from the chemiluminescent reaction O +
Co.

(i) Shock waves study of CH, pyrolysis. The reaction was
foliowed monitoring the CH, emission and absorp-
tion at 3.392 um.

(j) Shock waves measurements of CHy/Ar mixtures.
Modelling of 12 reactions.

(k) Pyrolysis of CH, at very early stages (0.003-0.05% re-
action) in a quartz-lived flow reactor. Reactant and
products (ethyne, ethylene, acetylene, and propy-
lene) detected by gas chromatography.

(I) Review of literature previous to 1966.

(m) Review of literature previous to 1980.

J. Pt ., Chem. Ref. Data, Vol. 21, No. 3, 1992

(n) The k.. recommended is based on the Hartig et al !
results scaled up by a factor 3.

(o) Single-channel hindered Gorin model RRKM calcu-
lations of the CH, decomposition with a fit to exper-
imental results.

(p) The experiments by Hartig et al.! have been re-evalu-
ated taking into account the increasing amount of IR
emissions from species other than CH, such as docu-
mented in Ref. 1. These corrections become most
pronounced in the high pressure experiments. The
theoretical calculations were done using the ko for-
malism from Ref. 16, fall-off expression from Ref. 17,
and SACM-modified PST calculations from Ref. 18
which lead to a nearly temperature independent
value of k. for the reverse recombination H + CH;
— CH; of 3.5:1071° ¢cm® molecule™ s~

Preferred Values

ko = [Ar ] 1.2:107¢ exp (—47000/T) s' over range 1000~
3000 K
ko= [CHy] 14107
range 1000-2000 K
k. = 2.410" exp(—52800/T) s~' over range 1000~
3000 K

exp (—48100/T) s~! over

F. = exp(—0.45-7T7/3231) for M = Ar
F. = exp(—0.37 —T/2210) for M = CH,4
Reliability

Alog ko = * 0.3 over range 1000-3000 K
Alog k. = =* 0.5 over range 1000-3000 K
AF, = = 0.1 over range 1000-3000 K

Comments on Preferred Values

The preferred values for ko are taken from the com-
parison of the experimental data from Refs. 1, 5, 7, 8-10
with the theoretical modelling from Ref. 16. This is based
on the assumption of nearly temperature independent
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B. = 0.11 for M = CH, and 8. = 0.03 for M = Ar which
was rationalized by very inefficient energy transfer and a
positive temperature coefficient of <AE > at low tem-
peratures. The preferred values of k. are consistent with
a nearly temperature independent k. of 3.5107% cm®
molecule ™! s~ for the reverse recombination H + CH;
— CH.. Since the evaluation of the high pressure data
from Ref. 1 there appears to be no experimental evidence
for a stronger negative temperature coefficient of k. for
the recombination such as was suggested in Ref. 15. Re-
cent theoretical models based on realistic potential en-
ergy surfaces have all predicted temperature coefficients
consistent with the presently preferred values (see e.g.

Cobos™).
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CHO + O; — HO: + CO (1)
— OH + CO; @)
— HCOs 3)
Thermodynamic Data
AH3os (1) = —144 kJ mol ™ AHS (2) = —398 kJ mol~!
AS3s (1) = —3.03 J K 'mol ™! AS3s (2) = —32.2 JK~! mol~!
K,(1) = 2.5 T~%!™ exp(+17200/T) K, (2) =2.65 10" T =™ exp(+47960/T)
Rate Coefficient Data (k = ki + k; + k3)
k[ cm® molecule™* s71] T[K] Reference Comments
Rate Coefficient Measurements
= 5107 1400-1800 Peeters and Mahnen (1973)" (a)
5.710-* 297 Washida, Martince, and Baycs (1974)? )
1.310-1 = 2000 Tsuboi (1976) ©
kilky = 5 266-298 Osif and Heicklen (1976) * (d)
ka/ky < 0.19
5.610-" 298 Shibuya et al. (1977)° ©
5.510~"2 exp(—3522/T) 1000-1350 Westbrook ef al. (1977) ¢ ®
4.010-12 298 Reilly ef al. (1978)" (®
ks = 121073 [M] 298 Horowitz, Su, and Calvert (1978)° (h)
4.010-12 298 Nadtochenko ¢t al. (1979)10 i)
5.5-10~% 704 298-503 Veyret and Lesclaux (1981)! 0)
5.810-12 = 1100 Cherian et al. (1981)12 (k)
5.2:10°12 296 Temps and Wagner (1984)" )
Kalkgee < 41073
kafkges < 0.07
4.7-10~12 295 Langford and Moore (1984)" (m)
3.010-1 . 1450-1550 Vandooren et al. (1986) ' (n)
4.5-10"! exp(—~600/T) 300-1600
1.3-10~ ! exp(—205/T) 295-713 Timonen et al. (1988)*¢ (o)
Reviews and Evaluations
5110712 298 Baulch ef al. (1980)
5-10~12 300-2000 Warnatz (1984)'#
8.5-10~!! exp(—854/T) 300-2500 Tsang and Hampson (1986) **

Comments

(a) Investigation of lean and stoichiometric CHy/O»/Ar
flames burning at 40 Torr; concentration measure-
ments by molecular beam sampling — mass spec-
trometry. O, considered as the only reaction partner
of CHO.

(b) Discharge-flow system; total pressure near 4 Torr.
[CHO] measured during the reaction of C;H, with O
atoms by photoionization mass spectrometry. Addi-
tion of O; resulted in a decrease of the steady-state
concentration of CHO.
k(CHO + 0;)/k(CHO + O) = 2.7-107% Given
value of k based on k(CHO + O) = 211107 cm®
molecule™! 571,

(c) Computer simulation of a 39 reaction mechanism
and comparison with experimental induction periods
and concentration profiles.

(d) Photolysis of Cl,/CH,0/O- mixtures. [CO] and [CO;]
by gas chromatography, [HCOOH] by IR spec-
troscopy. Total pressures 62-704 Torr (298 K) and
344-688 Torr (266 K). Reaction (3) was found to be

®

)

()

0]

in the second-order region. No indication of a total
pressure effect in [HCOOH].

Flash photolysis of acetaldehyde in He with small
amounts of Oz (A > 200 nm). [CHO] monitored by
absarption around 613.8 nm. Total pressures in the
range 10-530 Torr; no pressure dependence of k
within the experimental limits.

Computer modelling of 56 reaction mechanism for
the reaction of dilute moist CO in air and of dilute
CH, in air at atmospheric pressure. Comparison with
experimental concentration profiles of stable species
obtained by gas chromatography of quenched sam-
ples.

Near-UV laser photolysis of CH>/O; mixtures; intra-
cavity laser spectroscopy of CHO absorbance near
614 nm. Total pressure near 10 Torr.

Photolysis of CH;O at 313 nm in the presence of O..
Gas chromatographic analysis of products. Total
pressure 7-8 Torr CH;O. Computer simulation of a
20 reaction mechanism.

Photolysis of CH,O or CH3CHO in the presence of
O.. Intracavity laser spectroscopy of CHO ab-

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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sorbance. No pressure dependence observed be-
tween 13 and 100 Torr.

() Flash photolysis of CH,O or CH;CHO; total pres-
sures 45 and 500 Torr. [CHO] by resonance absorp-
tion at 614.5 nm.

(k) Computer modelling of 27 reaction mechanism -and
comparison of burning velocities of premixed CH./air
flames.

(1) Discharge-flow reactor; [CHO], [HO:], and [OH]
monitored by laser magnetic resonance. Total pres-
sures 1.3-4.1 mbar. Channel (1) was found to be pre-
dominant.

(m) Laser photolysis of formaldehyde or glyoxal; total
pressures up to 1000 Torr N.. [CHO] by resonance
absorption. No pressure dependence observed. k in-
creased for reaction of DCO indicating that the reac-
tion occurs via formation of a HCOO, adduct and not
by simple hydrogen abstraction.

(n) Study of lean CH,O / O; flames burning at 22.5 Torr
by molecular beam sampling coupled with mass spec-
trometric analysis. Combination of their experimen-
tal results with the low temperature value k (300 K)
= 5.8:10~2 cm® molecule ! s ! gave the temperature
dependent rate parameters.

(o) Flash photolysis of CH;CHO, photoionisation mass
spectrometry.

Preferred Values
k = 5.0-107"2 cm® molecule ! 5! over range 300-2500 K

Reliability
Alog £ = = 0.3 over range 300-2500 K

J. Phys. Chem. Rel. Data, Vol. 21, No. 3, 1992

Comments on Preferred Values

A temperature independent recommendation is given
because the temperature dependent measurements give
no or only a very weak dependence''S.
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CHO + CHO — CH.0 + CO

Thermodynamic Data
AH3os (1) = —329 kJ mol~*
AS30s (1) = =329 J K™ 'mol ™!
K,(1) = 2.98102 T~0357 exp(+37773/T)

Rate Coefficient Data

k[cm® molecule~! s~!] T[K] Reference Comments

Rate Coefficient Measurements
(3-10)-10- 298 Reilly et al. (1978)" @
301071 298 Nadtochenko, Sarkisov, and Vedeneev (1979)% (b)
2.3-10-1 298 Hochanadel, Sworsky, and Ogren (1980)3 (©)
341071 298475 Veyret, Lesclaux, and Roussel (1984)* (d)
4.510~1 296 Temps and Wagner (1984)° (e)
7.510-1 295 Baggott et al. (1986)¢ ®

Comments cies with other results ascribed to differencies in the

(a) Near-UV pulsed photolysis of formaldehyde; intra-
cavity dye laser spectroscopy of CHO absorption at
613.8 nm or 614.5 nm. Total pressure 10 Torr pure
formaldehyde. Fitting of a kinetic scheme. Large er-
ror limits due to non-uniform distribution of CHO in
the reaction cell.

{(b) Pulse photolysis of acetaldehyde in Ar; total pres-
sures 10-200 Torr. Intracavity dye laser spectroscopy
of CHO.

(c) Flash photolysis of H>O in the presence of CO; total
pressures 1-3 atm CO. [CHO] and [CH3] monitored
by UV absorption. Modelling of a 17 reaction mech-
anism.

(d) Flash photolysis of CH,O; [CHO] monitored by reso-
nance absorption at 614.5 nm. Total pressures 10-20
Torr. No temperature dependence observed. The ini-
tial absolute concentrations of radicals were deter-
mined by measuring the yields of molecular hydrogen
using mass spectrometry in the presence and in the
absence of hydrogen atom scavengers.

(e) Isothermal discharge-flow reactor; total pressures
1.4-4.5 mbar. [CHO], [HO-], and {OH] monitored by
far-infrared laser magnetic resonance.

(f) Laser flash photolysis of glyoxal or formaldehyde at
308 nm; time-resolved dye laser absorption of CHO
at 614.6 nm. Pressure range 10-30 Torr. Discrepan-

J. Phys. Chem. =af, Data, Vol. 21, No. 3, 1992

measured absorption cross scction of CHO.
Preferred Values
k = 5.010"" at 300 K

Reliability
Alogk = = 03 at 300 K

Comments on Preferred Values
The recommended value and error limits cover scat-
tered data available.
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HCHO(+M) — CHO + H(+M) )
— CO + Ha(+M) @

Thermodynamic Data
AH3gs (1) = 377 kJ mol~!
AS3s (1) = 121 JK~'mol~!
K,(1) = 1.19-10* T°*™ exp(—45400/T) atm

A3 (2) = 5.3 kI mol~!
AS3ox (2) = 1093 JK~'mol~!
K,(2) = 1.36:10° T*% exp(—895/T) atm

Rate Coefficient Data (k = ki + k)

ks™1] TIK] Reference Comments

Rate Coefficient Measurements
8.0-10~# exp(—36300/T)y[M] 1400-2200 Schecker and Jost (1969) (a)
3.5:107% exp(—17700/T ) [M] 1350-1900 Peeters and Mahnen (1973)? (b)
1.7-10~19 exp(—43800/T)-[M] 1070-1225 Aronowitz et al. (1977)° (©)
2.2:107# exp(—35600/T){M] 1700-2300 Bhaskaran et al. (1979)* @)
6.010~7 exp(—43800/T)[M] 1800-2500 Dean et al. (1979)° (e)
5.5:10% exp( — 40800/Ty[M] 16003000 Dean et al. (1980)° ®
4.2-1071° exp(—14600/T ) [M] 1400-2000 Vandooren and

Van Tiggelen (1981)” (®)

5.25:10~% exp(—37700/T){M] 2200-2650 Saito et al. (1985)% (h)
ky = 2.08107® exp(~-39171/T)[M] 1650-2200 Rimpel and Just (1988)° @)
ky = 5.18-107*° exp(—28100/1)[M] 19002400

Reviews and Evaluations
8.3-107% exp(—38500/T)-[M] 1000-3000 Warnatz (1984)* G)
2.0-10'7 T ~%%xp(—48590/T)y{M] 1000-3000 Tsang and Hampson (1986)*! &)

Comments

(a) Shock tube study of thermal decomposition of
HCHO. Analysis by UV and IR absorption.

(b) Thermal decomposition of HCHO in a flame. Mass
spectrometric analysis.

(c) Thermal decomposition of HCHO in a flow reactor.
Gas chromatographic analysis.

(d) Shock tube study of HCHO decomposition. Analysis
by resonance absorption.

(¢) HCHO decay behind reflected shock wave moni-
tored by IR emission.

(fy HCHO/OyAr and HCHO/N,/Ar mixtures investi-
gated behind reflected shock waves; HCHO detected
by IR emission. M = Ar.

(g) Thermal decomposition of HCHO in a flame. Mass
spectrometric analysis.

(h) Thermal decomposition of HCHO behind reflected
shock waves. HCHO decay and CO production de-
termined by IR emission. H atom production mea-
sured by ARAS. M = Ar. Channel (2) appeared to
have a smaller rate under the experimental condi-
tions.

(i) Thermal decomposition of HCHO behind reflected
shock wave. H atom production measured by ARAS.
M = Ar.

() Based on the shock tube data of Schecker and Jost',
Bhaskaran et al.*, and Dean et al %,

(k) Theoretical calculation of k; in Ar using RRKM the-

ory.

Preferred Values

ko(1) = 2.1-107% exp(—39200/T) cm® molecule™* s~ over
range 1500~ 2500 K

Reliability
Alog ko(1) = = 0.3 over range 1500-2500 K

Comments on Preferred Values

The more recent shock tube data are in reasonable
agreement near 2000 K and both Saito ef a/.f and Rimpel
and Just’ quote expressions for k¢(1). Rimpel and Just
give an expression for ky(2) for the molecular channel,
which gives rates faster than obtained for ko(1) at temper-
atures near 2000 K, while Saito ef al . suggest that chan-
nel (2) is slower. The situation regarding channel (2) is
therefore unclear and we are unable to recommend val-
ues for ko(2). The preferred expression for kq(1) is that of
Rimpel and Just which gives values consistent with the
other recent studies over the temperature range speci-
fied. The reaction is second order under all conditions
where it has been studied and there is no information on
fall-off.
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CH;OH + O, — CH.0 + HO;

Thermodynamic Data
AHSo(1) = —87.94 kJ mol~t
AS$0(1) = —14.14 JK " 'mol !
K,(300) = 2.08:10°

Rate Coefficient Data

k[ cm® molecule~! s~ ] T[K] Reference Comments
Rate Coefficient Measurements
1.0-10™* exp(—2640/T) - 453 Basevich er al. (1975)! ()
1.7-10~*2 exp(—3000/T) 1800-1600 Westbrook and Dryer (1979)3 (b)
210712 300 Radford (1980)* ©)
23107 exp(—2525/T) 1000-2000 Vandooren and van Tiggelen (1980)° d)
1.7.10-1 1300-1750 Tsuboi and Hashimoto (1981)¢ (e)
1.7-10~! exp(—3620/T) (300-2000) Dove and Warnatz (1983)* o)
1.410-12 298 Wang ef al. (1984)° )
9.5.10-12 298 Grotheer et al. (1985)1° (h)
1021012 296 Dobe et al. (1985)!! (i)
8.6:10-*2 298 Payne et al. (1988)2 )
2.510-° T} 298-682 Grotheer et al. (1988)'3 (k)
+4.01071° exp(—2525/T)

8.610~ 22 300 Nesbitt er al. (1988)% )
7.510-12 250

4,910~ 239

3.310°12 230

2.510712 215

8.8:10-12 298 Pagsberg et al. (1989)* (m)

Comments

(a) The rate coefficient for CH;OH + O was measured
between 350-800 K in a discharge flow reactor under
very large (=10"molecule cm~?) concentrations of
both reactants. The residence time was poorly de-
fined. k was derived by simulating the stable end-
product profiles as measured at 453 K. Therefore,
the value on k is probably unreliable. It is quoted
again in Ref. 2.

(b) The quoted expression has been used to simulate the
profiles of stable endproducts, as measured for
methanol oxidation in a turbulent flow reactor.

(c) Discharge flow reactor with CH;0H + Ci as CH,OH
source. Title reaction was isolated. k was obtained
from relative HO, measurements (LMR) by varying
the O, concentration for a fixed residence time. This
aciually yicids & relaiive io ihe wall loss raic cocifi-
cient. This may introduce a considerable error. Rad-
ford was the first to show that this reaction is much
faster than the carresponding CH:O + 0O, Since
then CH3OH/Cl/O; has been widely used as HO,
source.

(d) Mass spectrometric investigation of three low pres-
sure (53 mbar) methanol flames ( ¢ = 0.89, 0.36,
0.21). Aside from other labile species, CH,OH/CH;0
has been detected. Unfortunately, the latter two spe-
cics could not be discriminated and their calibration
seems somewhat unclear.

(e) Shock tube at densities between 610" and 1.2-10%
molecules cm 3, Ar. Highly diluted methanol oxygen

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

mixtures (¢ = 0.2 to 2.0 ). Profiles for CH,OH, H;O,
CO,, CO, and CH;O were measured by IR emission.
k was obtained by simulating the system.

(f) Calculation study of the burning velocity of
methanol/air mixtures. Title reaction is one of the 40
reaction set. This expression for k is also recom-
mended in Ref. 8.

(g) Discharge flow reactor. Method very similar to Ref.
4 with the exception that HO, was monitored by OH
(A% — X*w) photofragment emission. See comment
(c) for disadvantages of the method. Further prob-
lems might have been introduced by the use of very
high (~ 10" molecules cm™ ) initial Cl; concentra-
tions, so that subsequent reactions like CH;OH +
Cl; and CH,OH + CH,OH might have played a role
which was not accounted for.

(h) Discharge flow reactor. Source: CH;OH + Cl. Title
reaction was isolated. & from CH,OII profiles, mea-
sured by a mass spectrometer. From absolute CH,O
measurements, it was concluded that this channel is
majaor.

(i) Method as above (h), however CH,OH monitored by
LMR. From HO; built-up rates, it was concluded,
that the HO, (+ CH;O) channel is major. No pres-
sure dependence for k in the range 0.7 to 6.5 mbar.
This led to the suggestion that the reaction proceeds
via an excited state of a bound intermediate.

(j) Mecthod as above. Mass spectrometric CILOIT detec-
tion.

(k) Method as above. Significant non-Arrhenius be-
haviour of k in the temperature range used. This led
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to the interpretation of the reaction being composed
of a path via an adduct and an abstraction path dom-
inating at high temperatures. This picture is con-
firmed by the absence of a CHOH/CH,OD isotope
effect at ambient temperature.

() Method as above. Extension to temperatures below
ambient. Large intercepts in the k! vs. [O2] plots may
indicate a wall problem, particularly at lower temper-
atures.

(m) Static reactor, 1000 mbar, Ar. CH,OH source was
CH;OH + F. F atoms were produced from pulse ra-
diolysis of SFs. CH,OH detection by UV absorption.

Preferred Values

ki = 2610° T°!' + 12107 exp(—1800/T) cm’
molecule™! s! over range 300-1200 K
Reliability

Alogk; = £0.1 at 300 K increasing to = 0.3 at 1000 K

Comments on Preferred Values

For the six most recent studies there is an exellent
agreement at ambient temperature. The low temperature
branch of Ref. 13 has been slightly adjusted to yield the
mean of these studies.

For the abstraction channel a common fit for the mea-
surements of Ref. 5 and Ref. 13 has been used.

For temperature below ambient, no recommendation
is possible.
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CH;O(+M) — HCHO + H(+M)

Thermodynamic Data
AH30 = 85.8 kJ mol~?!
AS39s = 105 JK~'mol~?
K, = 6.67-10* T%%7 exp(—10300/T) atm

Rate Coefficient Data

k{s™] T{K] Reference Comments
Rate Coefficient Measurements
No experimental data
Reviews and Evaluations
kafs™! .
1.6:10exp( — 13800/T) N/A Batt (1979)! (a)
3.0-10" exp( — 13000/T) 1000 Greenhill et al. (1986)? (b)
2.510exp( — 13800/T) N/A Batt (1987)° (a)
ko/cm® molecule =1+
1.7-10*%exp(—12640/T) , [M] = N, 300-2000 Warnatz (1984)° (c)
8.010-7 exp(—10830/T) , [M] = N,  600-1000 Greenhill ef al. (1986) ®)
3.16:10% T ~27exp(— 15400/T) 300-2000 Tsang and Hampson (1986)° (d)

Comments

(a) Based on the thermochemistry and estimated A
factor.

(b) Theoretical prediction using RRKM theory and tak-
ing into account fall-off effects. Similar treatment for
CH;OH decomposition.

(c) Based on the interpretation of complex mechanisms
in shock tube studies of Bowman®, Brabbs and
Brokaw’, and Tsuboi and Hashimoto®, and flow sys-
tem studies of Westbrook and Dryer®,

(d) Based on k. from Ref. 1 and RRKM calculations.
Strong collision values given, as well as collision effi-
ciency effects in tabular form.

Preferred Values

ko = 3.1610° T~*" exp(—15400/T) cm® molecule™* s™!
over range 300-1000 K

Reliability
Alogk = £ 1.0

Comments on Preferred Values

There are no direct measurement on this reaction. The
reaction is under practically all conditions in combustion
systems in the second-order region. The recent estimates
of Greenbhill et al 2 and Tsang and Hampson® are in mod-
erately good agreement and give values of ko which are
considerably higher than earlier estimates. The recom-
mendation of Tsang and Hampson is accepted. The rec-
ommended expression is the strong collision rate
coefficient. For collision efficiency effects refer to Tsang
and Hampson®.
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CH;0 + O; —» HCHO + HO:

Thermodynamic Data
AH303 = —122 kJ mol~?!
AS%s = 141 J K~ 'mol?
K, = 4.63 T~ exp(+14500/T)

Rate Coefficient Data

k{ cm® molecule ™! s ] T[K] Reference Comments
Rate Coefficient Measurements
1.05:10~ 3 exp(—1310/T) 413-628 Gutman, Sanders, and Butler (1982)! (a)
5510~ exp(— 1000/T) 298-450 Lorenz et al. (1985) (®)
Reviews and Evaluations
1.11013 exp(~ 1310/T) 298-630 CODATA (1984)° ©
1.66:10~*! exp( ~3610/T) 300-2000 Warnatz (1984)* (@
1.1:10~* exp(—1310/T) 413-608 Tsang and Hampson (1986)° (e)
3.910~" exp(—900/T) 200-300 NASA (1987)6 ®

Comments

(a) Laser photolysis of CH;ONO at 266 nm; CH3;0 mon-
itored by LIF. Psuedo first order conditions with ex-
cess O,.

(b) Laser photolysis of CH;ONO at 248 nm; CH;0 decay
in excess O, monitored by LIF. k independent of
pressure between 100 and 200 mbar.

(c) Based on data of Gutman et al.! and earlier relative
rate studies.

(d) Based on earlier relative rate studies and estimates of
k from shock tube and other high temperature stud-
ies.

(e) Accepts the recommendation from CODATA?®

(f) Based on data of Lorenz et al 2

Preferred Values

k = 6.710™* exp(—1070/T) cm® molecule~'s™! over
range 300-1000 K

Reliability
Alogk = % 0.2 at 500 K increasing to = 0.3 at 300 K
and 1000 K

Comments on Preferred Values

The new data from Lorenz ef al ? extend the tempera-
ture range for which direct measurements of k are avail-
able down to room temperature. The agreement with
earlier relative rate measurements at 298 K is reasonable
and both sets of direct measurements agree well near

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

450 K. The temperature dependence in the new study is
lower than found by Gutman ef al.! which may indicate
non-Arrhenius behaviour; however in view of the limited
range covered by the data and the uncertainties, we rec-
ommend an Arrhenius expression obtained by least
squares fit to the data of Gutman efal.! and Lorenz
et al 2, applicable up to 1000 K.
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CH;00H(+M) — CHsO + OH(+M)

Thermodynamic Data
AH36s = 180 kJ mol~?

Rate Coefficient Data

k[s™1] T[K] Reference Comments
Rate Coefficient Measurements

ko = 1.0-10" exp(—16360/T) 565-651 Kirk (1965)! (a)

k. < 0.0085 : 553 Kaiser et al. (1986)? (b)
Reviews and Evaluations

ko = 4-10% exp(—21640/T) N/A Benson (1981)3 (c)

Comments

(a) Pyrolysis of CH;OOH in gas phase by toluene carrier
method.

(b) Static pyrolysis of CH;0OO0H; mass spectrometric de-
tection of parent ion. Upper limit value. Recom-
mended expression based on estimate by Benson* of
activation energy of 190 kJ mol™! was 6.5-10"
exp(—21640/T) s~ '

(c) Based on thermochemistry together with an assumed
temperature independent value for the reverse reac-
tion.

Preferred Values
ko = 410" exp(—21600/T) s* over range 400-1000 K
Reliability
Alog k. = + 0.5 at 600 K increasing to = 1.0 at the
end of range
Comments on Preferred Values

The earlier experimental data of Kirk give low values
of both the activation energy and the A factor compared
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with those expected from thermochemical kinetic consid-
erations*®. The author reported problems with heteroge-
neous reactions and these also are a potential problem in -
the work of Kaiser et al 2. The preferred values are based
on experimentally derived Arrhenius expressions for de-
composition of C,-hydroperoxides®, which agrees, within
the stated uncertainty, with the value of k. estimated
from thermodynamic considerations. The main uncer-
tainty arises from the unknown effects of fall-off on the
rate at the temperatures where this reaction is important
(500-700 K), which are almost certainly quite substantial,
but not enough to account for the very low values of A
and E, reported by Kirk®.
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CN + 0.—-NCO +0

Thermodynamic Data
AHSs = —26.6kJ mol™?!
AS% = —14.5 JK " !mol~!?
K, =3.44-10"* T*%"Sexp( +3500/T)

Rate Coefficient Data

k[em® molecule~* s~1] T[K] Reference Comments
Rate Coefficient Measurements
1.35.10°1 300 Whyte and Phillips (1983)! (a)
1251071 (v = 1)
7.910-12 2400 Louge and Hanson (1984)? (b)
201071 300 Li, Sayah, and Jackson (1984)3 )
2410°% v = 1)
2.6-10-11 204 Lichtin and Lin (1985)* (d)
241071
8.1:107% 2195-3390 Thielen and Roth (1987)° (e)
1.86:10~1 295 deJuan, Smith, and Veyret (1987)° (63)
1.82:10-11 205 Anastasi and Hancock (1988)7 (8)
125101 exp(+205/T) 294-761 Sims and Smith (1988)* (b
Reviews and Evaluations
401071 exp(—450/T) 290400 Baulch et al. (1981)° @
1.110~" exp(+205/T) 290-760 CODATA (1989)'0 G

Comments

(a) Fast flow system. CN radicals generated from (CN);
by ArF laser pulses. Decay of [CN, v =0, v =1] in ex-
cess O, monitored by laser induced fluorescence.

(b) Shock tube study on O(CN)/Ar mixtures. [CN]
monitored by absorption at 388 nm. Data of [CN]
analysed numerically in terms of 27 reaction mecha-
nism. Fitting gives k. Sensitivity to assumed rate coef-
ficient checked.

(c) Pulsed laser photolysis of (CN)2/Ar/O; mixtures. [CN,
v = 0,v = 1] monitored as a function of time by laser
induced fluorescence.

(d) Pulsed laser photolysis of ICN/O,/Ar mixtures in
flowing system. [CN] monitored as a function of time
at both 388 nm and 619 nm, the latter giving the less
precise of the two values of k tabulated.

(e) Shock wave study using reflected shocks in HCN/O,
mixtures in Ar at 1.5-1.9 atm total pressure. [H], [O],
[N] monitored by resonance absorption. [H], [O], [N]
profiles computed from large reaction mechanism
and fitted to experimental results. Sensitivity of fit to
k checked.

(f) Laser pulsed photolysis of ICN in flow system with
laser induced fluorescence determination of [CN].
Total pressure 10-30 Torr.

(g) Flash photolysis of (CN); in Ar in flow system with
laser induced fluorescence determination of [CN].

(h) Pulsed laser photolysis of flowing NCNO/Ar mixtures
at 532 nm. [CN] monitored by laser induced fluores-
cence.

(i) Based on limited low temperature data.

() Accepts temperature coefficient of Sims and Smith®,

Preferred Values

k = 1.1-10"" exp(+205/T) cm® molecule™! s™! over
range 298-2500 K

Reliability
Alog k = = 0.25 at 298 K rising to = 0.5 at 2500 K

Comments on Preferred Values

Measurements up to 1981 have been reviewed®. Only
more recent values are tabulated here.

At temperatures close to 300 K the available data
range over a factor of 3M3467BILIZBIISIEIS The tech-
niques used have been very similar and it has been sug-
gested that the lower results might arise from population
of the monitored v levels by quenching of higher v levels®.
The most recent studies***™® are in reasonable agree-
ment giving a mean value of 2.1:10™" ¢m® molecule ™! s 7%,

The measurements at higher temperatures are few and
Iess precise but suggest that & has little or no temperature
dependence™ . This is in accord with the temperature
dependence of k recently measured by Sims and Smith®
which value we accept as the basis for the recommended
expression.

The reaction has an alternative, highly exothermic
channel giving CO + NO (AH = —455kJ mol™"). The
experimental evidence suggests that it is unimportant
both at high and low temperatures 1%,
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CN+0O0,—->NCO+0O
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CN + H:0 — HCN + OH (1)
— HOCN + H ()
Thermodynamic Data

AH35 (1) = —19.2 kJ mol ™!
AS305 (1) = ~5.91 JX~'mol~*
K,(1) = 4.791073 T¥7exp( +2520/T)

AH3s (2) = 15.1 kJ mol !
AS3 (2) = —28.78 JK~'mol~!
K,(2) = 4.9710~5 T®lexp(— 1493/T)

Rate Coefficient Data (k = ki + k)

k[cm® molecule ! s~!] T[K] Reference Comments
Rate Coefficient Measurements
ky = 3.810~Mexp(—6700/T) 850-2600 Szekely, Hanson, and Bowman (1984)" (a)
ky = 1.3-10~Yexp(—3750/T) 518-1027 Jacobs et al. (1988)* (b)
Reviews and Evaluations
- Baulch et al. (1981)? ©

Comments

(a) Shock tube studies of C;N,/H;O/Ar mixtures. [CN]
and [OH] monitored by broad band absorption spec-
troscopy at 388 nm and narrow-line laser absorption
at 306.67 nm respectively. Computer fit of data to as-
sumed reaction mechanism shown to be sensitive to
ki. Values of k, from this study combined by authors
with data of Fritz ef al.* on the reverse reaction and
with the equilibrium constant to obtain quoted ex-
pression for k.

(b) Laser photolysis at 193 nm of flowing C;N2/N, mix-
tures. [CN] in the v =0 and v =1 states and [OH]
were monitored as function of time by laser induced
fluorescence.

(c) Quotes early work of Paul and Dalby® which appears
to give too high a value of k;. No recommendation
made.

Preferred Values

ki = 1.3-10""exp(—3750/T) cm® molecule™" s~! over
range 500-3000 K

Reliability
Alog ky = = 0.3 at 500 K rising to 0.5 at 3000 K.

Jd. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Comments on Preferred Values

The recommended expression is that of Jacobs et al .
If it is extrapolated to high temperatures it gives values of
ki in good agreement with measured values of Szekely
et al.'. The measurements of k, by Szekely et al .are likely
to be valid but by combining them with data on the re-
verse reaction at lower temperatures and equilibrium
data, they obtain an erroneous rate expression for k.

The other channel, (2) has been invoked to explain
some features of nitrogen containing flames® but there is
no direct evidence for its occurrence.
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CN + CH; — HCN + CH,

Thermodynamic Data
AHSes = —79.4 kJ mol—?
AS%s = 7.18 JK~'mol ™!
K, =9.7910-2 T*5% exp(+9570/T)

Rate Coefficient Data

k[em?® molecule ™! s~'] T[K] Reference Comments
Rate Coefficient Measurements

5.010°1 293 Schacke, Wagner, and Wolfrum (1973)" (a)

111107, CN, = 1

56101 300 Li, Sayah, and Jackson (1984)? (b)

8.310°%, CN, -,

111072 294 Lichtin and Lin (1985)* ©

7.810 2 298 Balla and Pasternack (1987)* : (d)
Reviews and Evaluations

- Baulch er al. (1981)° (e)

Comments

(a) Flash photolysis of CH4(0.037-0.4 Torr)/C:Nz(0.05-
0.2 Torr)/He mixtures. Total pressure 4-5 Torr, in a
flowing system. [CN] monitored by kinetic absorption
spectroscopy at 388 nm.

(b) Pulsed laser photolysis of C;N:/Ar/CH4 mixtures.
[CN(v =0, v =1)] monitored as a function of time by
laser induced fluorescence.

(c) Pulsed laser photolysis of ICN/CH,4/Ar mixtures in
flowing system. [CN] monitored as a function of time
at 388 nm by laser induced fluorescence.

(d) Laser photolysis of C;N2(0.05-0.3 Torr)/CH4(0-0.15
Torr) mixtures with He, N, or Ar bath gas. Total
pressures 1-200 Torr. [CN] decay and HCN forma-
tion monitored by diode laser absorption spec-
troscopy at 201522 cm™' and 3280.987 cm™!
respectively.

(¢) Review of all data up to 1980; no recommendation.

Preferred Values

k = 1510~ "'exp(—940/T) cm® molecule ! s™! over range
260400 K

Reliability
Alog k = % 0.3 over range 260-400 K

Comments on Preferred Values

Experimental work on this reaction is largely confincd
to T < 400 K. The only higher temperature study by Bo-
den and Thrush® yielded only an upper limit which does
not correlate well with the lower temperature studies.

The results at 300 K range over a factor of 2 but the two
studies of the temperature coefficient of k are in good
agreement. The recommended values are based mainly
on the work of Schacke ez al.® and Bullock and Cooper™.

The rate of the reaction is increased by vibrational ex-
citation of the’CN and several of the rate coefficients for
CN(v =1) have been determined?’,
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CN + CH, — CH; + HCN
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NCO(+ M) — N + CO(+M)

Thermodynamic Data
AH36s = 203 kJ mol~!
ASSs = 119 J K 'mol !
K, = 5.49-10° T~%14 exp(—24560/T) atm

Rate Coefficient Data

k[cm?® molecule~! s™!] T[K] M Reference Comments
Reviews and Evaluations
2.110°% 1700 Ar Lifshitz and Frenklach (1980) (a)
1.7-10~° exp(—23450/T) 1450-2600 Ar Higashihara ef al. (1983)? (b)
1710~ T3 exp(—20600/T) 2240-2955 Ar Colket (1984)° ©
8.1:10~% exp( —31800/T) 2150-2400 Ar Louge and Hanson (1984)* (d)
8.8:10~* T3 exp(—24000/T) 2150-2400 Ar Louge and Hanson (1984)° (e)

Comments

(a) Shock tube study on C;N2/O»/Ar mixtures. Computer
simulations indicated induction period sensitive to
this and 3 other reactions in 15 reaction mechanism.
Only modcratc agrecment obtaincd between simula-
tion and experiment.

(b) Shock tube study on HCN/Oy/Ar and HCN/O/NO»/
Ar mixtures. Detailed induction time data simulated
using large reaction mechanisms in which title reac-
tion and NCO + O — CO + NO are key reactions.

(c) Shock tube study on C,No/O,/Ar mixtures. Experi-
mental [NO] profiles simulated using 8 reaction
mechanism. Adjusting title k£ by factor of 3 hardly af-
fected [CN] profile.

(d) Shock tube study of C;N2/O2/Ar and C;No/O/Ar mix-
tures. Analysis of [NO] profile in former and [CN] in
latter gave k(NCO + O)k(NCO + Ar) =
10~*%exp( +31800/T). Quoted expression calculated
using k(NCO + O) = 7.0-107" ¢m® molecule ™! s™*
(this review).

(e) Shock tube study of C;No/N,O/Ar mixtures. Analysis
of [NCO], in conjunction with own carlicr results
(see (d)) gave k(NCO + O)/k(NCO + Ar) = 1073!
T%exp(+24000/T). Quoted expression calculated
using k(NCO + O) = 7.0-10"" cm® molecule ! s~!
(this review).

Preferred Values

k = 17107 exp(—23500/T) cm® molecule™! s~! for
M= Ar over the range 1450-2600 K

Reliability
Alog k = = 0.4 over the range 1450-2600 K

Comments on Preferred Values

We recommend the expression obtained by Higashi-
hira e al ? from analysis of a fairly detailed induction pe-
riod data set over a wide temperature range, and
subsequently corroborated by Louge and Hanson*’. The
result of Lifshitz and Frenklach® can be considered as a
preliminary value and the experimental data of Colket®
were hardly sensitive to the rate of this reaction.
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NCO + NO — N;O + CO (1)
— N; + CO; @)
>N, +CO+0 (3)

Thermodynamic Data
AH3gs (1) = —278 k¥ mol-*
AS50s (1) = —25.4 JK 'mol~!
K,(1) = 0.164 T~ exp(+33400/T)

AH3ss (3) = —111 kJ mol ™!
AS3s (3) = 107 JK~'mol~!
K,(3) = 2.96:10% T 92 exp(+13100/T) atm

AH34 (2) = —643 kJ mol~!
AS%s (2) = —375JK 'mol ™!
K,(2) = 7.22:10~2 T=°%5 exp(+77300/T)

Rate Coefficient Data (k = ki + k2 + ki)

k[cm® molecule~! s~1] T{K] Reference Comments
Rate Coefficient Measurements
1.66-10~12 1329-1846 Fifer and Homes (1982)! (a)
1.69-10-* exp(+197/T) 294-538 Perry (1985)2 (h)
341071 295 Hancock and McKendrick (1986)° (c)

Comments

(a) Shock tube study of HCN/NOy/Ar mixtures. [NO;]
monitored by absorption at 450 nm. [NO'], [OH],
and [NO;] monitored by emission at 237, 307, and
427.5 nm respectively. Value of k obtained is only an
estimate from computer modelling of reaction mech-
anism.

(b) Flowing system. NCO produced by pulsed laser pho-
tolysis of HCNO/Ar/NO mixtures. Decay of [NCO]
monitored using laser induced fluorescence at 416.8
nm.

(c) NCO produced by infrared multiphoton dissociation
of phenyl isocyanate. Decay of [NCO] in large excess
of NO monitored by laser induced fluorescence at
438.48 nm. This work supersedes earlier similar stud-
ies* in which vibrational cxcitation of NCO may
have influenced results.

Preferred Values

k = 1.7107" exp(+200/T) cm® molecule™ s~! over
range 300-600 K

Reliability
Alog k = = 0.5 over range 300-600 K

Comments on Preferred Values
The preferred expression is that of Perry’ which is in
good agreement with the results of Hancock and

J. Phys. Chem. Re’. .3, Vol. 21, No. 3, 1992

McKendrick® at ambient temperatures. These are the
only direct measurements and therefore we assign fairly
large error limits. The only available value of k at higher
temperatures is a very indirect determination which is an
order of magnitude lower than that obtained by extrapo-
lation of our recommended expression. We therefore
limit our recommendation to the low temperature region.

There have been no studies of the branching ratios.
Both Perry* and Hancock and McKendrick® have sug-
gested that reaction (1) is the dominant channel as (2)
and (3) are likely to have significant energy barriers, reac-
tion (2) proceeding via a triplet surface and (3) requiring
a 1,3 oxygen migration via a 4 centre transition state. Fur-
thermore, Hancock and McKendrick® observe no NO +
O recombination afterglow in their experiments, thus
suggesting the absence of channel (3).
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C:H + 0. - CH + CO;, ™)
—>H+2CO @)
— 0 + C:HO 3)
—-»CHO +CO  (4)

Thermodynamic Data
AH3es (1) = —360 kJ mol !
AS39s (1) = 158 JK~!mol !
K, (1) = 4.69-10% T-015% exp( +43400/T)

AH3g (3) = —134 kJ mol !
AS30s (3) = 2.67 I K~ 'mol~!
K, (3) = 2.70-:102 T 616 exp(+ 16200/T)

AH$y (2) = —564 kJ mol~!
ASSe (2) = 97.2 3 K~'mol~!
K, (2) = 6.41-10° T 17 exp (+67700/T )atm

AH3y (4) = —628 kJ mol ™!
AS30s (4) = 9.65J K~ 'mol™!
K, (4) = 179102 T -05% exp(+15300/T)

Rate Coefficient Data (k = ki1 + k2 + ka + ki)

k[cm® molecule™! s~} T[K] Reference Comments
Rate Coefficient Measurements
= 331071 320 Lange and Wagner (1975)" (a)
1.7-10~** exp(—-5032/T) 1400-2600 Shaub and Bauer (1978)* (®b)
2.11074 300 Renlund ef al. (1981, 1982)%4 (c)
ks = 1.0- 10712 295 Laufer and Lechleider (1984)° (d)
ks = 4010712
42110~ 298 Stephens ez al. (1987)° (e)
Reviews and Evaluations
8.3-10-1 > 300 Warnatz (1984)”
5.0:10712 300-2500 Tsang and Hampson (1986)

Comments

(a) Flow reactor; C;H from microwave discharge of

C;HBr/He; mass spectrometric product analysis. To-

" tal pressure 4.1 Torr. [C;HO] observed, no CHO or
G20 detected; (3) supposed to be the main reaction
channel. Lower limit of k.

(b) Shock heating of C;H2/O»/Ar mixtures. Final product
concentrations by gas chromatography. Numerical
modelling of 17 reaction mechanism.

(c) UV or IR photodissociation of C;HCF;, C;HCHO,
C:Ha, or C;HBr. Observation of CH(4?A-X[1) and
CO(a*2*al) chemiluminescence at 432.6 nm and
790 nm and of CO,(Av ; = 1) emission at 2300 cm ™!,
Total pressures 0.2-2.0 Torr He or Ar. CO and CH
emissions independent of the nature of the buffer gas
(He, Ar, N;, or Xe) and of its pressure (0.6-100
Torr). They propose the formation of an intermedi-
ate peroxy species with enough vibrational energy to
allow significant rearrangements of the nuclei during
the course of the reaction.

(d) Flash photolysis of CF;C;H; gas chromatographic
sampling; [CO] by absorption at 154.4 nm. Reaction
rates indendent of pressure in the range 50-600 Torr
(He or Nz). Lack of CHO detection in Ref. 1 ex-
plained by low detection limit and fast consumption
of CHO.

(e) Flash photolysis of CF3C;H at 193 nm; IR absorption
of ground state C;H at 3594.4 cm™!. Total pressure
20 Torr He; SFs added to ensure rapid vibrational re-
laxation of C,H.

Preferred Values
k = 3.0-107" cm® molecule™! s~! at 300 K

Reliability
Alogk = = 052at 300K

Comments on Preferred Values

The larger rate coefficient based on Refs. 3,4,6 is taken
as the recommendation due to the modern methods used.
From the measurements of Laufer and Lechleider’ the
product channel (4) seems to be the most important one
which is similar to channel (2) at high temperature.
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C:H + H. - H + C:H.

Thermodynamic Data
AH3es = —116 kI mol~! -
AS3s = —22.5 JK'mol™?
K, = 1.3810-4 7086 exp(+ 14300/T)

Rate Coefficient Data

k[cm® molecule~! s™1] T{K] Reference Comments
Rate Coefficient Measurements
= 1.7-10~ % 320 Lange and Wagner (1975)! (a)
1.510-1 298 Laufer and Bass (1979)? (b)
9.3-10-12 625-3400 Tanzawa and Gardiner (1980) 3 (©)
121071 300 Renlund et al. (1981)* (d)
131071 1800-2500 Koike and Morinaga (1981)% (e)
corr. by Gardincr ¢t al. (1985)6
3.910-1 298 Okabe (1981)7 ®
1210~ 2300-3200 Kiefer et al. (1983)® (®
4810713 298 Stephens et al. (1987)° (h)
Reviews and Evaluations
2510~ exp(—1564/T) 300-3000 Warnatz (1984)'°
1.910- " exp(— 1443/T) 300-2800 Gardiner et al. (1985)°
300-2500 Tsang and Hampson (1986) !

1.8-10~ " exp(—1455/T)
Comments

(a) Flow reactor; C;H from microwave discharge of
C.HBr/He. Mass spectrometric product analysis. To-
tal pressure 4.2 Torr. Lower limit of k.

(b) VUV flash photolysis of CH; with and without
added H; [C,H;] by gas chromatographic sampling
and VUYV absorption at 144.6 nm. Total pressures 20
or 700 Torr He.
k(CH + Hy)/k(CH + CH;) = 491073 Given
value based on k(C;H + CH;) = 3.11107" cm®
molecule™! s

(¢) Modelling study of C:H: pyrolysis in shock tubes,
flow reactors, and bulb dissociation experiments.
Wrong data transcription in the table; corrected in
Ref. 6.

(d) UV or IR flash photolysis of C;H;, C;HBr, or
C:HCHO. CH(A’A-X1) and CO; chemilumines-
cence at 432.6 nm and 2300 cm™!. Total pressures
200-800 mTorr Ar or He. k measured relative to re-
action with O2. The authors do not exclude the possi-
bility of C;H reacting from an excited state.

(e) Shock heating of CaH,, C:Hy/Hz, or C;H4 in U.5 atm
Ar. Absorption measurements at 216 nm and 230 nm.
Numerical modelling of 25 reaction mechanism, k
adjusted to fit the absorption profile of C.Hz. Wrong
thermochemical data for CH; correction in Ref. 6.

(f) Photolysis of C;H: at 147 nm. [CH,], [C;H.], and
[C:H.] by absorption measurements at =~ 165 nm,
174.4 nm, and 151.9 nm. Relative rate k(C;H + H)/
k(CH + GH) = 1/130. Given value of k based on
k(C:H + GHz) = 5:10~" cm® molecule ™! s~

(g) Pyrolysis of C:H./Kr mixtures behind incident shock
waves; laser schlieren measurements. Total pressure
200-750 Torr. Numerical modelling of 29 reaction
mechanism based on Ref. 3. k adjusted.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

(h) Flash photolysis of CF;C;H at 193 nm. Ground state
C;H monitored by IR absorption at 3594.4 cm™!, To-
tal pressure 20 Torr He; SFs added to ensure rapid
vibrational relaxation of C;H.

Preferred Values

k = 2.5107" exp(—1564/T) cm® molecule™! s™! over
range 300-2500 K

Reliability
Alog k = * 0.3 at 300 K rising to = 0.7 at 2500 K

Comments on Preferred Values

The recommendation of Warnatz' is adopted. It gives
a good rcpresentation of the high and low temperature
data available.
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*]. H. Kiefer, S. A. Kapsalis, M. Z. Al-Alami, and K. A. Budach, Comb.
Flame 51, 79 (1983).

°J. W. Stephens, J. L. Hall, H. Solka, W. -B. Yan, R. F. Curl, and G. P.
Glass, J. Phys. Chem. 91, 5740 (1987).

1] Warnatz, in “Combustion Chemistry”, ed. W. C. Gardiner,
Springer-Verlag, New York (1984).

1w, Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087

(1986).
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T/K
2000 1000 500 400 300
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—f‘ -115 |-
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EXPERIMENTAL DATA
a Lange ond Wagner 1975 A
o Loufer and Bass 1979
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c:H + Csz - H + C4Hz

Thermodynamic Data
AH303 = —102 kJ mol~!
°208 ==43.5 J K 'mol~?
K, = 446107 T4 exp(+12600/T)

Rate Coefficient Data

k[cm?® molecule~?! s~!] T[K] Reference Comments
Rate Coefficient Measurements
= 510~" 320 Lange and Wagner (1975)! (a)
3.1-10-H4 298 Laufer and Bass (1979)2 (b)
(5-6.6)-10~1 2300-2700 Frank and Just (1980)3 ()
1.5-10°1° 298 Stephens er al. (1987)* (d)
Reviews and Evaluations
4010~ 300-2500 Tsang and Hampson (1986)°

Comments

(a) Flow reactor; mass spectrometric product analysis.
C:H from microwave discharge of C;HBr/He. Total
pressure 4.1 Torr. C;H, identified as main product.
Lower limit of k.

(b) VUV flash photolysis of C;H,. C;H, formation ob-
served by gas chromatographic sampling and absorp-
tion measurement at 144.6 nm. Total pressures 20
and 700 Torr He.

(c) Thermal decomposition of C;H; and C;H; behind re-
flected shock waves. [H] by atomic resonance absorp-
tion spectroscopy at 121.5 nm. Total pressures 1.5-4
bar Ar.

(d) Flash photolysis of C;H; at 193 nm; [C;H] monitored
by IR absorption at 3594.4 cm™. Total pressure 20
Torr He; SFs added to ensure rapid vibrational relax-
ation of C;H.

Preferred Values

k = 510" cm® molecule~! s~! over range 300-2700 K.

Reliability
Alog k = = 0.3 over total range.

Comments on Preferred Values
The recommended rate coefficient is consistent with
most of the experimental material available.

References

'W. Lange and H. Gg. Wagner, Ber. Bunsenges. Phys. Chem. 79, 165
(1975).

2A. H. Laufer and A. M. Bass, J. Phys. Chem. 83, 310 (1979).

3P. Frank and Th. Just, Comb. Flame 38, 231 (1980).

4J. W. Stephens, J. L. Hall, H. Solka, W. -B. Yan, R. F. Curl, and G. P.
Glass, J. Phys. Chem. 91, 5740 (1987).

SW. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1986).

C:H + CH. — Products

Rate Coefficient Data

k[ cm® molecule ™! s™! ] T[K] Reference Comments
Rate Coefficient Measurements
481012 298 Renlund et al. (1981)! (a)
1210712 297 Laufer (1981)? (b)
1610712 298 Okabe (1981)° ©
Reviews and Evaluations
3.0-107'2 exp(—250/T) 300-2500 Tsang and Hampson (1986) ¢

J. Phys. Chem. Ret. :>2a, Vol. 21, No. 3, 1992
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Comments

(a) Flash photolysis of C;H;, C:HBr, or C;HCO at
193 nm, or of G;HCO at 953 cm™!. CH(A4?A) from
C;H + O reaction monitored by chemiluminescence
at 432.6 nm, with and without added CH,, [CO;]
monitored by chemiluminescence at 2300 cm ™. Total
pressures 200-800 mTorr Ar or He.

(b) VUV flash photolysis of C;HCFs. Gas chromato-
graphic sampling, [C;H:] by absorption spectroscopy
at 152 nm. k independent of pressure between 20 and
700 Torr.

(c) Photolysis of C;H; at 147 nm; [CsH,], [C;H.], and
[C:H;] by absorption spectroscopy at = 165 nm,
174.4 nm, and 151.9 nm, respectively. Relative rates
k(CH + CHy)/k(CH + CGH;) = 4.2/130. k based
on k(C:H + CH;) = 510" cm® molecule ™ s,

Preferred Values

k =20 107" cm® molecule ™! s~ at 298 K

Reliability
Alogk = = 1at 298 K

Comments on Preferred Values
The preferred value is based on all of the available data
but wide error limits are suggested.

References

!A. M. Renlund, F. Shokoohi, H. Reisler, and C. Wittig, Chem. Phys.
Lett. 84, 293 (1981).

2A. H. Laufer, 15th Int. Symp. Free Radicals, Ingonish Beach, Canada
(1981).

*H. Okabe, J. Chem. Phys. 75, 2772 (1981).

*W. Tsang and R. F. Hampson, J. Phys. Chcm. Rcf. Data 15, 1087
(1986).

CzH + Csz b Csz + Csz

Thermodynamic Data
AH3s = —133 kJ mol !
ASs = 16.2 J K~ 'mol?
K, = 4.04-T %% exp(+12640/T)

Rate Coefficient Data

k[cm® molecule~? s~!] T[K] Reference Comments
Rate Coefficient Measurements
6.510-12 298 Laufer (1981)! (a)

Reviews and Evaluations

6.0-10-12 300-2500

Tsang and Hampson (1986)?

Comments

(a) Photolysis of C;H; at 147 nm; [C,H:]}, [C:H,], and
[C:H:] by absorption spectroscopy at = 165 nm,
174.4 nm, and 151.9 nm, respectively. Relative rates
k(CZH + C:H«;)/k(CzH + C2H2) = 4.2/130. k based
on k(C:H + GH,) = 510" cm® molecule™ s™,

Preferred Values

No recommendation.

References

'A. H. Laufer, 15th Int. Symp. Free Radicals, Ingonish Beach, Canada
(1981).

2W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1986).
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CzHa(+M) = C:H. + H(+M)

Thermodynamic Data
AH303 = 158 kJ mol !
AS5s = 171 JK~'mol~?
K, = 2.43 T*S exp(— 18900/T )atm

Rate Coefficient Data

k[s™4] TIK] [M] [molecule cm~3] Reference Comments
Rate Coefficient Measurements
Intermediate Fall-off Range
1.3-10~%exp( — 15800/T’) [Ar] 12001700 2:10" (Ar) Benson and Haugen (1967)! (a)
1.6-10~ Yexp(— 19000/T) [Ar] 1100-1500 1.7-10" (Ar) Skinner, Sweet, and Davis (1971)? (b)
310712 [C;H,] 1500 210" (C;H,) Peeters and Mahnen (1973)* ©)
2.7-10~%xp(— 16100/T) [C;H.] 1800-2400 510" (C;H, ) Jachimowski (1977)* (d)
2.6:10~%exp( — 15800/T) [Ar] 1300 -2000 (1-9)10' (Ar) Coats and Williams (1979) (©
Reviews and Evaluations
ko = 5.0-10~%exp(—16120/T) 5002500 (Ar) Warnatz (1984)° ]
ko = 1.610%exp(—19120/T) 500-2500
ko = 6.9-10'7T ~7%exp(—22917/T) >600 (N2) Tsang and Hampson (1986)" @)
Comments Reliability

(a) Analysis of available experimental data on the hydro-
genation of C;H: and the pyrolysis of C;H..

(b) Pyrolysis of dilute mixtures of CHi, C;Hs/C,Ds,
C;H;D; in Ar in a shock tube. No dependence of k on
pressure observed, suggested that the reaction was in
the high pressure range. Here represented as a pres-
sure-proportional rate coefficient.

(c) Molecular beam sampling, mass spectrometric analy-
sis of C;H, flames at 40 Torr.

(d) Oxidation of C;H. behind incident shock waves.
Monitored IR emission from CO and CO,, and
chemiluminescence from O + CO — CO; + hv. k
mainly derived from induction time modelling of a 11
step mechanism.

(e) Study of n-heptane/O./Ar mixtures behind incident
and reflected shock waves. Monitored IR emission
from CO, CO;, and chemiluminescence from OH,
CH, and C,.

() Evaluation of literature data.

(g) Evaluation of literature data. RRKM calculation of
fall-off curve (misprinted table).

Preferred Values
ko = 6.910" T~ exp(—22900/T) cm~3 molecule™! s™*
over range 500-2500 K (in Ar and N>)

k. = 2:10"exp(—20000/T) s~! over range 500-2500 K
F. = 0.35 over range 500-2500 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Alog ko = * 0.5 over range 500-2500 K
Alog k. = = 0.5 over range 500-2500 K
AF, = = 0.1 over range 500-2500 K

Comments on Preferred Values

There are no sufficiently direct measurements for this
reaction. The preferred value for k, follows the analysis
by Tsang and Hampson’ based on a RRKM fit of the re-
verse reaction. The preferred value for k. follows the
evaluation by Warnatz %, An RRKM modelling of the re-
action from this evaluation with the potential energy sur-
face calculated by Harding eral® leads to ko -
1.1-10"exp(—20000/T) s~* which is sufficiently close to
the recommended value. As long as no more direct mea-
surement are available, more elaborate specification of
the T dependence of F. appears premature.

References

'S. W. Benson and G. R. Haugen, J. Phys. Chem. 71, 4404 (1967).

2G. B. Skinner, R. C. Sweet, and S. K. Davis, J. Phys. Chem. 75, 1
(1971).

3]. Peeters and G. Mahnen, Comb. Inst. Europ. Symp., 53 (1973).

*C. J. Jachimowski, Comb. Flame 29, 55 (1977).

5C. M. Coats and A. Williams, 17th Symp. (Int.) Combust., 611 (1979).

6J. Warnatz, in “Combustion Chemistry”, ed. W. C. Gardiner, Springer-
Verlag, New York (1984).

"W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1987).

8L.. B. Harding, A. F. Wagner, J. M. Bowman, G. C. Schatz, and K.
Christoffel, J. Phys. Chem. 86, 4312 (1982).
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C:H; + O, — C;H: + HO; (1)
> H,CO + CHO  (2)
i CzHaoz (3)

Thermodynamic Data
AHSes (1) = —49 kJ mol™?!
AS3s (1) = —6.7 I K 'mol™!
K,(1) =1.69-10-2 T°5 exp( +5940/T)

No thermodynamic data available for channel (3)

AHggg (2) = —360KkJ I'l’lOl—l
AS3us (2) = 6.6 TK~'mol~!
K,(2) =23.1 T-9% exp(+43000/T)

Rate Coefficient Data (k = ki + k2 + ks)

k[cm® molecule~! 571} T [K] Reference Comments
Rate Coefficient Measurements
ky = 1.710712 1726 Cooke and Williams (1971)! (a)
k2 = 6610712 exp(+125/T) 291-602 Slagle ef al. (1984)? (b)
k = 1.0-10°1 298 Krueger and Weitz (1988)3 (c)
ka = 2.510-2 298 Munk et al. (1987)* (d)
Reviews and Evaluations
ki = 1710722 1000-2000 Warnatz (1984)° (©
k = 2.010"8 - Tsang and Hampson (1986)° 63}
ks = 1.010-1 -

Comments

(a) Shock tube study of C;H4, CHs + O mixtures. Based
on simulation of reaction mechanism.

(b) Excimer laser flash photolysis (193 nm) — photoioni-
sation mass spectrometry at 0.76-3.60 Torr. Moni-
tored C;Hs, CHO, H,CO. No signals corresponding
to products of channel (1), therefore k; < k.. Similar
conclusion by Baldwin and Walker’.

(c) Excimer laser flash photolysis (248 nm) - diode laser
spectroscopy on C;H, in CH;I/HC1/O; mixtures at
= 7 Torr.

(d) Pulse radiolysis with variety C;H; precursors, pres-
sure = 1 atm. Monitored disappearance of C;H; and
the build-up of a long-lived product at 230 and 270
nm. Latter ascribed to a product X of GH; + O,,
presumed to be C;H;03; the rate coefficient was de-
duced from the product build-up.

(e) Based on the observation that HO, forming reactions
of R + O; have small pre-exponential factors of
=210"" cm® molecule~* s7%.

(f) Determined by analogy with C2Hs.

Preferred Values

k2 = 9.0-10~" cm® molecule ™' s~ over range 300-2000 K

Reliability
Alog k2 = = 0.3 over range 300-600 K; + 0.5 over
range 600-2000 K

Comments on Preferred Values

There is no direct evidence for the involvement of
channel (1). There is excellent agreement between the
data of Slagle er al.? and Krueger and Weitz>, It is curious
that Munk et al.* record a slower reaction at higher pres-
sures; it is possible that they were not observing the for-
mation of C;H;O; but of a secondary product.

References

'D. F. Cooke and A. Williams, 13th Symp. (Int.) Combust., 757 (1971).

1. R. Slagle, J.-Y. Park, M. C. Heaven, and D. Gutman, J. Am. Chem.
Soc. 106, 4356 (1984).

*H. Krueger and E. Weitz, J. Chem. Phys. 88, 1608 (1988).

4J. Munk, P. Pagsberg, E. Ratajczak. and A. Sillesen. Periodic Report
(2), Contract No. EN3E-0095-Dk (B).

*J. Warnatz, in “Combustion Chemistry”, ed. W. C. Gardiner, Springer-
Verlag, New York (1984).

SW. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1986).

"R. Baldwin and R. W. Walker, 18th Symp. (Int.) Combust., 819 (1981).
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C:Hs + O, — C:H; + HO. (1)
- CszOz (2)

Thermodynamic Data
AH35 (1) = —54.3 kJ mol ™!
AS3s (1) = —8.5 J K 'mol~?
K,(1) = 1.1910-! T8 exp(+6550/T)

Rate Coefficient Data (k = k; + k)

kfcm® molecule~! s~'] T[K] Reference Comments
Rate Coefficient Measurements
ky = 2.1-10°13 295 Plumb and Ryan (1981)! (a)
1.5-10~ exp(+ 1660/T") 294-1002 Slagle, Feng, and Gutman (1984)? (b)
ky = 1.810" exp(+760/T) 593-753 McAdam and Walker (1987) ©
kJk, < 0.01 208 Niki et al. (1982) (@
Reviews and Evaluations
k = 2:10-1 298 CODATA (1984) ()
ky = 3.3:10712 exp(—2510/T) 700 -2000 Warnatz (1984) ®
ky = 1.4107'2 exp(—1950/T) 300-2500 Tsang and Hampson (1986) (g)
Comments Reliability

(a) Discharge-flow system with He carrier gas. C;H;s pro-
duced from Cl + CHs and [C;Hs] and [C,H,] mea-
sured directly by mass spectrometry. Rate coefficient

determined from yields of C;H, and shown to be in-

dependent of pressure over range 0.6-10 Torr.

(b) Slow-flow system, radicals produced by Cl + C,Hs
reaction with pulsed formation of Cl from IR multi-
photon induced decomposition of CFCls. Reactants
and products monitored in real time using photoion-
ization mass spectrometry. Rate expression has been
calculated here from high-pressure values of k for the
overall reaction.

(c) Thermal oxidation of C;HsCHO in a static system.
Yields of C;H; and C;H; were determined by GC
analysis for the early stages of the reaction. Ratio of
rate coefficients determined to be ki/k(C;Hs +
C:HsCHO) = 6.76'10"2 exp(+4414/T). The above
value of k, is derived by taking k (C;Hs + C,HsCHO)
= 2.7107" exp(—3656/1') cm® molecule™ s™' as
evaluated by McAdam and Walker® from literature
data.

(d) FTIR study of the photo-oxidation of C;H; initiated
by Cl. in the presence of O,/N; mixtures at total pres-
sures of 760 Torr. Rate coefficient ratio derived from
the analysis of CH;CHO, C;HsOH and C;H., prod-
ucts.

(e) Based on data of Plumb and Ryan',

(f) Based on an analysis of data prior to study of Plumb
and Ryan'. :

(g) Based on data of Baldwin et al.’.

Preferred Values

ki = 17107 exp(+1100/T) cm® molecule™* s! over
range 600-1200 K

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Alog k; = = 0.3 over range 600-1200 K

Comments on Preferred Values

For temperatures about 600 K we have chosen to rep-
resent k;, by a compromise between the results reported
by McAdam and Walker® and those we have derived from
the data of Slagle et al 2

Over the wider temperature range 300-1000 K a recent
experimental and theoretical study by Wagner et al.® rec-
ommends a mechanism involving activated C;HsO; radi-
cals and its isomerization to C;H4O,H’ radicals, followed
by decomposition of this radical to the products C;H, and
HO:. These authors have also derived complicated ana-
lytical functional forms to their mechanism to explain the
observed rate dependences over the temperature range
300-1000 K. More work is required to confirm the details
of the mechanism of the C;Hs + O reaction.

References

1. C. Plumb and K. R. Ryan, Int. J. Chem. Kin. 13, 1011 (1981).

21. R. Slagle, Q. Feng, and D. Gutman, J. Phys. Chem. 88, 3648 (1984).

3K. G. McAdam and R. W. Walker, J. Chem. Soc., Faraday Trans. 2, 83,
1509 (1987).

“D. L. Baulch, R. A. Cox, R. F. Hampson, Jr., J. A. Kerr, J. Troe, and
R. T. Watson, J. Phys. Chem. Ref. Data, 13, 1259 (1984).

5J. Warnatz, in “Combustion Chemistry”, ed. W. C. Gardiner, Springer-
Verlag, New York (1984).

‘W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1986).

R. R. Baldwin, 1. A. Pickering, and R. W. Walker, J. Chem. Soc., Fara-
day Trans. 1, 76, 2374 (1980).

8A. F. Wagner, 1. R. Slagle, D. Sarznski, and D. Gutman, J. Phys.
Chem.,, in press.
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C:Hs + C.Hs — n-CsHqo (1)
— C;Hs + CH: (2)

Thermodynamic Data
AH39s (1) = —296 kI mol~!
ASSs (1) = —160.4 kJ mol ™!

AHS44 (2) = —266 kJ mol~!
AS30 (2) = —55.1 JK"'mol !

K,(2) = 1.87-10~5 T*% exp(+3220/T)

Rate Coefficient Data (k = k1 + k2)

k[cm® molecule™? s71] T[K] Reference Comments

Rate Coefficient Measurements
151071 296 Parkes and Quinn (1976)" - (a)
24107 296 Adachi, Basco, and James (1979)* (b)
9.3.10-12 803 Corbel, Marquaire, and Come (1981)° (©
20101 296 Demissy and Lesclaux (1982)* (d)
2210~ 903 Pacey and Wimalasena (1984)° (e)
191011 : 296 Munk et al. (1986)¢ ®
1631011 300-373 Arthur (1986)’ @
1.69-10~ ! 308 Anastasi and Arthur (1987)* (h)

Reviews and Evaluations
ky = 2.3107* 300-1250 Warnatz (1984)° )
ky = 1.810°" 300-2500 Tsang and Hampson (1986)"° )
ky = 2.310"%2 300-2500

Comments

(a) Molecular modulation spectroscopic study. C;Hs pro-
duced from photolysis of (CzHsN): in presence of N;
and monitored by UV absorption spectroscopy. k ob-
tained from computer simulation of concentration
profiles.

(b) Flash photolysis of mixtures of (C;HsN); and n-
CsH,2. [C;Hs] monitored by UV absorption spec-
troscopy. . :

(c) Pyrolysis of C;Hs in a continuous-flow stirred-tank
reactor with end-product analyses by GC. &k deter-
mined from a fit of rates of formation of C;H, as a
function of residence time in the reactor, based on a
mechanism of 6 elementary reactions.

(d) Flash photolysis — laser resonance absorption study
of NH, reactions in presence of C;Hs. NH, produced
from photolysis of NH;, and [NH;] monitored by ab-
sorption at 597.73 nm. C;Hs produced from H +
C;H.. k(NHz + C2H5) and &k (Csz + Csz) derived
from a fit of [NH,] profiles.

(e) Pyrolysis of C:Hs in a flow system with end-product
analyses by GC. k determined from a fit of the rates
of formation of C;H, as a function of residence time
in the reactor, based on a mechanism of 12 elemen-
tary reactions. Preliminary results: P.D. Pacey and
J.H. Wimalasena, Chem. Phys. Lett. 76, 433 (1980).

(f) Pulse radiolysis study with [C;Hs] monitored by UV
absorption. C;Hs produced from H + CH.. k&
derived from computer simulations of [C;Hs] profiles
in real time.

(g) Same experimental procedure as for comment (a).

(h) Same experimental procedure as for comment (a),
preliminary results reported by N.L. Arthur and C.
Anastasi, Bull. Soc. Chim. Belg. 92, 647 (1983).

(i) Based on literature data prior to 1981.

Preferred Values

ko = 1.9107" cm® molecule ™! s~! over range 300-1200 K
k2 = 2.4107" cm® molecule ™' s ™! over range 300-1200 K

Reliability
Alog ki = % 0.3 over range 300-1200 K
Alog k; = * 0.4 over range 300-1200 K

Comments on Preferred Values

The preferred rate coefficient is the mean of the re-
sults of Parkes and Quinn’, Adachi et al.?, Demissy and
Lesclaux®, Pacey and Wimalasena®, Munk et al .5, Arthur’,
and Anastasi and Arthur® which are all in substantial
agreement. The preferred branching ratio, k»/k was then
calculated from the disproportionation-combination ra-
tio, ko/ki = 0.14, which is widely accepted'! at low tem-
peratures and which appears to be applicable at higher
temperatures as well'?,

There are very few reliable studies of this reaction at
temperatures above 1200 K, hence the restricted range
over which the preferred rate coefficients are recom-
mended.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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C.Hs + C;Hs — n-CsHyo
— C,Hs + C:H,
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C:Hs(+M) — CHs + CHs(+M)

Thermodynamic Data
AH35s = 375 kI mol ™!
AS3es = 159 J K~ 'mol~!
K, = 4.1510° T-92% exp(—45700/T)atm

Rate Coefficient Data

k[s~1] TK] [M] [molecule cm—3] Reference Comments
Rate Coefficient Measurements
Intermediate Fall-off Range .
1.2:10°7 823 7.910' (C;Hy) Lin and Back (1966)! (a)
1.3-10~7 1.9-10v7 :
141077 7.0-10"7
6.710¢ 893 4.4-10"
8.410-6 2.3-10"®
8.910-¢ 4.9-10'¢
171074 999 9.7:10'
57104 1.1:10"7
1.01073 8.210"
41107 839 7.610' (C;Hy) Trenwith (1966,1967,1979)2 (b)
1.510-7 1.310"7
251077 3.2:10%
23103 873 5.1-10%
1.2:10-¢ 1.1-107
1.910-¢ 1.6-10'8
48106 913 3.4-10'
1.7-10-5 8.8-10"7
2.410-% 7.0-10"
3.510-% 813 1.2110'7 (C;He) Scacchi et al. (1971)? ©
58108 6.2:10"7
7.710~8 2.5-10"
2.0-10' exp(— 44280/T) - 14002200 5.010" (Ar) Izod et al. (1971)* @
21107 838 3.0:10'7 (C;H) Clark and Quinn (1976)° ©
42107 7.610#
4.810"7 2.1.10Y
1300-2500  (6.6-26.5)10"7 (Ar) Olson et al. (1979)° ®
2.8:10'S exp(—42400/T) 1240-1500 1.3-10' (Ar) Chiang and Skinner (1981)’ (®
201077 841 1.110" (C;Hs) Kanan et al. (1983)* (h)
2.510°7 2.1.10V
7.610°7 871 5.4-10'¢
1.1-10-¢ . 1.610"
2.0-10-¢ 4.2:10%
5.710-¢ 913 5.2-10'
1310 2.6:10"
6.2:10-6 902 1.1-10" (C;H;g) Pacey and Wimalasena (1984)° @)
7.010~¢ 3.2107
1.1-10-3 ) 1.1.108
3410~ 938 54107 (Hy) - Cao and Back (1984)" )
4.610°° 1.8:10'8
5.210°5 34108
2.610~4 998 5.1-10"7
4.2:10"¢ 2.0-10"
3.610°4 3.2:10'®
8.0-10-¢ 1038 5.010"
111073 1.1:10*®
2.410"3 2.810"
High Pressure Range
7.910' exp(—45040/T) 1200-1430 (9-33)-10"8 Burcat et al. (1973)! (h)
5.2-10" exp(—44700/T) 840-913 (3.4-77.6)"10"7 (C:Hs) Trenwith (1979)* (b)
Reviews and Evaluations
ke = 2.410' exp(—44010/T) 750-1500 Baulch and Duxbury (1980)*2 )
ko = [Ar] 1.7:105 exp(~ 34280/T) 800-2500 Warnatz (1984)"2 (m)
ko = 2.410' exp(~44020/T) 7502000
ke = 3.2102 T-'7 exp(—45834/T) 300-1400 Tsang and Hampson (1986)¢ (n)
ko = 3.0:102 T-1" exp(—45834/T) 300-1400 Tsang (1989)' (o)

J. Phys. - 'a. Ref. Data, Vol. 21, No. 3, 1992
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Comments

(a) Static reactor, dissociation of pure ethane with mea-
surement of the rate of production of methane and
butane. Extrapolation to the high pressure limit and
comparison with earlier work.

(b) Ethane dissociation studied in static reactor. Product
analysis by gas chromatography. Extrapolation to the
high pressure limit. Relative efficiencies of different
bath gases: ko(M)/ko(C:Hs) = 0.25 (N2), 0.33 (Oy),
0.17 (He), 0.18 (Ne), 0.26 (Ar), 0.30 (Kr), 0.88 (H:O).

(c) Pyrolysis of ethane in static reactor. Analysis of ini-
tiation of the reaction using manometric and gas
chromatographic measurements.

(d) Pyrolysis of CO/Qs/ethane/azomethane/Ar mixtures
in a shock tube. The reaction was followed by mea-
suring emission from CO and CO,. Modelling with 8
reactions.

(e) Static reactor study of dissociation in pure ethane.
Gas chromatographic analysis of reaction products.

(f) Shock tube study of ethane dissociation in Ar using
lascr-absorption and lascr-schlieren measurements.
Modelling of mechanism. Data near 1300 K are
markedly lower than recombination results and
shock wave results from Ref. 7. Better agreement
with Ref. 7 at higher temperatures. Extrapolation to
the high pressure limit uncertain due to fall-off ef-
fects.

(g) Shock tube study of ethane decomposition in Ar
measuring H atom concentrations from CHs + C;Hs
- CHs + GHs, C:Hs . C;Hs + H sequence.

(h) Ethane pyrolysis in static reactor with gas chromato-
graphic analysis. Enhanced hydrogen recombination
at activated vessel surface. Results in good agree-
ment with Ref. 2.

(i) Ethane pyrolysis in a flow system with gas chromato-
graphic product analysis. Evaluation of induction pe-
riods.

(j) Pyrolysis of ethane in static reactor. Product analysis
by gas chromatography. Collision efficiencies of Xe
and H; relative to C;Hs have been measured.

(h) Single-pulse shock tube study of ethane dissociation
in Ar, measurement of methane production rate.
Analysis of earlier shock tube work, extrapolation to
the high pressure limit. Data neglected in later work
by one of the authors’.

(1) Complete review of earlier literature.

(m) Data evaluation and simplified fall-off construction.

(n) Data evaluation and construction of RRKM fall-off
curves.

(0) See comment (n).

Preferred Values

ke = 1.810 T exp(—45700/T) s~! over range 300~
2000 K

= [Ar] 1.1-10® T8 exp(—47090/T) s~! over range

300-2000 K

ko = [C;Hs] 4.5107% exp(—41930/T) s~! over range
800-1000 K

F. = 0.38 exp(—T/73)} + 0.62 exp(—T/1180) for M =
Ar over range 300-2000 K

F. = 0.54 exp(—T/1250) for M = C;H; over range 800-
1000 K

Reliability

Alog k. = * 0.3 over range 300-2000 K

Alog ko = %= 0.5 for M = Ar over range 300-2000 K
Alog ko = % 0.5 for M = C;H; over range 800-1000 K
AF. = * 0.1 for M = Ar over range 300-2000 K
AF. = = 0.1 for M = C,H; over range 800-1000 K

Comments on Preferred Values

The preferred values for k. and ko (for M = Ar) have
been derived from the recommended rate coefficients of
the reverse reaction 2 CHs + M — C;Hs + M from this
evaluation and the given expression of the equilibrium
constant. They are hased on the combined evaluation of
dissociation and recombination data given in the review
of Ref. 16 which assumes a nearly temperature indepen-
dent rate coefficient k. for the reverse recombination
over the range 300-2000 K. The expressions for ko and F.
also follow the combination of experimental and theoret-
ical data analysed in Ref. 16. The preferred values ob-
tained in this way are in good agreement with the
available dissociation experiments. They are not influ-
enced by the numerous mechanistic complications of the
high temperature shock tube studies of this dissociation.
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Csz+M'—>CH3+CH3+M

EXPERIMENTAL DATA

a Lui ond Bock 1966
| | Trenwith 1966
-3.0 |- JAY Robinson ond Holbrook 1972
A Clarke and Quinn 1876
999K fo) Trenwith 1979
[ ] Trenwith 1988
0
= 978K
D/D/D/ D ook
/ /D/D/D' 933K
-5.0

Log(k/s ™)

M 913K
913K o—

-8.0 O/O/ 8 817K
___.()-————-0—871K
/ o_._.——0—861 5K
50K
° 841K
° 862K
840K pl—-=0
-7.0 - =
_ 839K 843K
{ 1 | | 1 |
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Log( P/Torr)
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CHCO + O, —» CO. + CHO (1)

— 2CO + OH (2)

— C.0 + HO; (3)

CHCO + O (+ M) > CHO:CO (+ M) (4)

Thermodynamic Data
AH3g (1) = —527.6 kJ mol !
AS%s (1) = —20.9 JK~'mol~!
K,(1) = 0.847 T 9% exp(+63459/T)

AHBes (2) = —359.7 kJ mol
AS30s (2) = 119.5 JK~'mol~!
K,(2) = 7.17-10° T-°%! exp(+42842/T)atm

Rate Coefficient Data (k = ki + k2 + ks + ki)

k{cm® molecule~! s~1] Temperature [K] Reference Comments
Rate Coefficient Measurements
37107 296 Jones and Bayes (1973) (a)
(M = N, 2 Torr)
2.7107*2 exp(—430/T) - Peeters, Schaekers,
(M = He, 2 Torr) and Vinckier (1986)? (b)

Comments

(a) Discharge flow study; O atoms generated by N +
NO. CHCO produced as intermediate from C;H,
with [CHCO] and [O] measured by photoionisation
mass spectrometry. [CHCO] measured in presence
and absence of O, and k(CHCO + O,)/k(CHCO +
O) = 0.018 = 0.003 at 296 K obtained from a Stern-
Volmer plot. Used k(CHCO + O) = 2.0-1072 cm®
molecule ~! s~ obtained by Jones and Bayes® in a re-
lated study. Data obtained at total pressures of 2
Torr (mostly Ny).

(b) Reported by Peeters, Schaekers, and Vinckier’. No
experimental details given. Radical concentrations
measured by molecular beam mass spectroscopy.
[CHCO]J-time profile measured in presence and ab-
sence of molecular O,. No temperature range
quoted, but Peeters et al.* use the expression in the
range 300-550 K.

Preferred Values

k = 27107 exp(~430/T) cm® molecule™' s~ over
range 300-550 K (M = He, 2 Torr)

Reliability
Alog k = = 0.7 over range 300-550 K

Comments on Preferred Values

Kinetic data on this reaction are very limited, and no
products have been suggested. k may be pressure-depen-
dent, although no dependency was reported. Both studies
involved total pressures of about 2 Torr, but different in-
ert gases. The k values differ by a factor of about 20 at
296 K, but use of k(CHCO + O) = 116107 cm?
molecule ™! s™! at 296 K obtained by Vinckier et al.* with
Jones and Bayes’ ratio gives k = 2.1:107'2 cm® molecule ™!
s~! which is only a factor of 3 greater than k = 6.3-10~%
cm’® molecule ! s~! obtained from the expression given by
Peeters et al.”. This factor is probably within the com-
bined experimental error involved in the two determina-
tions, particularly as experimental conditions are
uncertain.
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CH,CHO + 0; — CH,CO + HO; )
— HCHO + CO + OH (2)

Thermodynamic Data
AHSs5 (1) = —66.5 kJ mol~*
AS%, (1) = —20.5 J K-Imol-!
Ky(1) = 0.344 T°52 exp(+7960/T)

AH394 (2) = —212.6 kJ mol ™!
AS3s (2) — 126.7 JK~"mol "
K,(2) = 5.5:10° T~%42 exp(+25160/T) atm

- Rate Coefficient Data (k = ki + k)

k[cm?® molecule~! s~1] T[K] Reference Comments
Rate Coefficient Measurements
2710~ exp(+668/T) (100 Torr He) ~ 300-500 Lorenz et al. (1984)! (a)
24610713 (100 Torr N;) 295 Gutman and Nelson (1983)? (b)
2.50-10-13 (90 Torr S5F¢) 295
Comments Comuments on Preferred Values

(a) Laser photolysis of CH3OCH =CH; at 193 nm; laser
induced fluorescence detection of CH,CHO at 337
nm. Reaction is pressure dependent between 10 and
280 mbar (M = He). Fall-off curve analysis using
F.= 06 gave ko = (26 = 0.5)107® cm’
molecule™ s and ko = 2 = 2:10”* cm® molecule ~*
s™!. Yield of OH product = 20% as determined by
LIF, at 25 mbar He and 298 K.

(b) Laser photolysis of CH;OCH = CH; at 193 nm; laser
induced fluorescence detection of CH,CHO at 337
nm. Reaction is pressure dependent between 1.5 and
100 Torr. Data given are for highest pressures of N,
and SF; used. Data for lower pressure presented in
figure.

Preferred Values

ko = 2.610"" cm® molecule ™! s~! over range 250-500 K
k: = 3.0-10~"* cm? molecule~! s~! at 300 K

Reliability

The results of the two studies of this reaction using the
laser photolysis-LIF technique are in excellent agreement
where measurements are under comparable conditions.
Both studies show that there is a pressure effect consis-
tent with an addition reaction as one of the channels. The
observation of OH product at low pressure indicates a
possible bimolecular channel as well. The preferred value
for k« is based on the values of k at pressures = 100 Torr
He, N; or SF; from both studies at 292-300 K. The rec-
ommended value of k; may apply to low pressurcs only
since the pressure dependence of the OH yield is not es-
tablished.

The temperature dependence of the rate coefficient at
higher temperatures is difficult to define because of fall-
off effects. The data indicate little variation of k. with
temperature up to 500 K. Lack of data at low pressures
and the possibility of a bimolecular channel precludes the
recommendation of a value for ko .

References

'K. Lorenz, D. Rhisa, R. Zellner, and B. Fritz, Ber. Bunsenges. Phys.

Alog k. = = 0.5 at 1000 K reducing to % 0.2 at 300 K _ Chem- 89, 341 (1985).

Alogk, = + 0.3 at 300 K
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CHzCHo + 02 —> CHzCO + H02
— HCHO + CO + OH

- 02CH2CHO
T/K
2000 1000 500 400 300
T T I T i
-12.6
a
-
mn Gutmaon and Nelson (SF6) 1983
u Gutman ond Neison (N2) 1983
Lorenz et al (He) 1984
This R doti k(inf) 1989
-12.7 +
-12.8
-12.9 -
-13.0 ~
| i 1 1 1 | 1 i
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40

10377t /K !
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CHaco + 02(+ M) - CH3003 (+ M)
Rate Coefficient Data

k[cm® molecule=? s~1) T[K] Reference Comments
Rate Coefficient Measurements

2:10-1 298 McDade et al. (1982)! (a)
Reviews and Evaluations

310-12 298 Tsang and Hampson (1986)? (b)

21012 (14 Torr) 298 IUPAC  (1989)° ©

510-12 (k=) 200-300

Comments Comments on Preferred Values
There is only one direct study of this reaction which

(a) Flash photolysis of CH;COCH;s or  was conducted at room temperature. The rate coefficient

CH;COCH;COCH;-photoionisation mass spectro-
metric detection of CH;CO in excess O.. Indepen-
dent of pressure 14 Torr.

(b) Based on results of McDade et al .

(c) Based on results for analogous reaction of C;Hs with
O..

Preferred Values
k = 211072 cm® molecule ! s~! at 298 K

Reliability
Alogk = = 03at298 K

obtained is comparable to that found for the reaction of
C:H; under similar conditions. The latter reaction has a
substantial negative temperature coefficient, a pressure
dependence, and an additional channel forming HO,.
The same complex kinetic behaviour probably applies to
CH3;CO + O, but in the absence of data, we can only
recommend a value for k at 298 K.

References

IC. E. McDade, T. M. Lenhardt, and K. D. Bayes, J. Photochem. 20, 1
(1982). :

*W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1087
(1986).

3R. Atkinson et al., IUPAC Task Group on Data Evaluation (1989).

CH;CHO (+ M) — CH; + CHO (+ M)

Thermodynamic Data
AH393 = 361 kJ mol !
AS%9s = 117 J K~ 'mol~?
K, = 5.92:10° T-417 exp(—43100/T) atm

Rate Coefficient Data

k[s—1] T{K] Reference Comments
Rate Coefficient Measurements

2.0-10" exp(—39800/T) 753-813 Liu and Laidler (1968)! (a)

7.110'S cxp(—41100/T) 1000-1200 Colket et al. (1975)” ®)
Reviews and Evaluations

2.0-10"° exp(—39800/T) 500-2000 Warnatz (1984)3 (©)

Comments

(a) Static reactor. Pyrolysis of CH;CHO; k determined
from time dependence of product C;Hs and C;H..

(b) Turbulent flow reactor at 1 atm pressure. M = Na. k
determined as in (a).

(c) Based on expression of Liu and Laidler'.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Preferred Values

k = 7.1-10% exp(—41100/T) s~ over range 750-1200 K at
1 atm pressure

Reliability
Alog k = + 0.4 over range 750-1200 K
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Comments on Preferred Values

Preferred value is based on the data of Colket et al.?
which are in good agreement with the earlier work. The
reaction is in the fall-off region in the specified tempera-
ture region and the expression applies to 1 atm pressure
only.

References

M. T. H. Liu and K. J. Laidler, Can. J. Chem. 46, 479 (1968).

2M. B. Colket, D. W. Naegeli, and L. Glassman, Int. J. Chem. Kin. 7, 223
(1975).

3J. Warnatz, in “Combustion Chemistry”, ed. W. C. Gardiner, Springer-
Verlag, New York (1984).

C:HsO(+ M) — HCHO + CH; (+ M)

Thermodynamic Data
AH50s = 70.0 kJ'mol~*

Comments

There are no reliable experimental data for the ther-
mal decomposition of C;HsO. Leggett and Thynne' stud-
ied pyrolysis of (C:Hs0), and extracted a rate coefficient
for decomposition of C;HsO over the range 422-449 K of
1410 exp(—11120/7") s™!, independent of pressure.
Since the reaction is almost certainly in the fall-off region

under their conditions, this result is doubtful. In a recent
review, Batt® has suggested the following expression for
the high pressure limit: k.. = 8.0-10"* exp(—10830/T) s~1.

References

!C. Leggett and J. C. J. Thynne, Trans. Faraday Soc. 63, 2504 (1967).
2. Batt, Int. Rev. Phys. Chem. 6, 53 (1987).

C:HsO + O — CH:CHO + HO;

Thermodynamic Data
AH3¢¢ = —152.5 kJ'mol !

Rate Coefficient Data

k[cm® molecule~! s~1] T [K] Reference Comments
Rate Coefficient Measurements

8.0-10-1% 296 Gutman, Sanders, and Butler (1982) (a)

9.8-107%% 353

1.2:1071% exp(—924/T) 225-393 Zabarnick and Heicklen (1985)? (b)
Reviews and Evaluations

8.0-10-15 298 CODATA (1984)} ©

Comments

(a) Laser photolysis of C;HsONO at 266 nm; C,H;O
monitored by LIF. Psuedo first order conditions with
excess Oa.

(b) Steady state photolysis of C,;HsONO at 366 nm in the
presence of O, and NO. k measured relative fo
C,H;O' + NO — products; i.e. k/k (C;HsO + NO) =
6.8107 exp(—924/T). Pressure > 155 Torr, M =
N

(c) Based on data of Gutman et al.l.

Preferred Values

k = 1.010°53 exp(—830/T) cm® molecule™! s™! over
range 300-1000 K

Reliability
Alog k = = 0.3 at 300 K rising to = 0.5 at 1000 K

Comments on Preferred Values

The only direct measurements of k from Ref. 1 agree
reasonably well with the recent relative rate study, but
show a smaller temperature dependence, although the
range of temperature covered is small. In view of the lim-
ited range covered and the uncertainties in the measure-
ments, we recommend an Arrhenius expression based on
an average of k values from the two studies at 353 K and
an A -factor equal to that for the CH;O + O; reaction.

References
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C:H;O0H (+ M) —> C:HsO + OH (+ M)

Thermodynamic Data
AH35; =180.0 kJ mol~!

Comment
There are no experimental data for the thermal de-
composition of C;HsOOH. The high pressure limit rate

constant k. = 4.010"° exp(—21600/T) s~ is recom-
mended by analogy with the decomposition of CH;OOH.

CeHs(+ M) — C:H. + CHi(+ M) (1)
— C2Hs + C.H: (+ M) 2)
— linear-C¢Hs (+ M) (3)

Thermodynamic Data
AH305 (1) = 325.0 kJ mol !
AS3s (1) = 185.6 J K~'mol~!
K,(1) = 9.7:10° T%16 exp(  39600/T) atm

AH304 (3) = 97.2 kJ mol ™!
AS%s (3) = 261.9 J K~'mol
K,(3) = 7.9-10%5 T-356 exp(—41176/T)

AH3y5 (2) = 425.2 kJ mol~!
AS34 (2) = 1933 JK~'mol~!
Kp(2) = 9.2110'0 T-0% cxp(--51680/T") atm

Rate Coefficient Data (k = ki + k2 + kj)

k[s~1] T[K] Reference Comments

Rate Coefficient Measurements
ki + k2 = 1.2 -10" exp(—41265/T) 1570-1790 Rao and Skinner (1984)" (a)
ky = 1.6 10" exp(—41265/T) 19002400 Kiefer et al. (1985)? (b)
ks = 3.5:10" exp(—32700/T) 1500-2400 Colket (1987)° ©
5.0-10"%exp(—36736/T) 1500-1900 Rao and Skinner (1988)* (d)
k3 = 3.0-10" exp(—36736/T) 15001900 (e)
k3 = 4.5:10" exp(—36500/T) 1450-1730 Braun-Unkhoff ef al. (1989)° )

Comments

(a) Dissociation of chlorobenzene behind reflected
shock waves at total pressures of about 2.7 bar. Hy-
drogen atom production was monitored by ARAS
during pyrolysis of 10 ppm chiorobenzene in argon.
From the measured profiles it was deduced that the
hydrogen atoms are formed in a secondary reaction
step. Therefore it was not possible to discriminate
between reaction pathway (1) or (2). An Arrhenius
expression is evaluated for the overall process
CHs—>CH, + CH; + H.

(b) Mixtures of 1 and 2 mol% benzene in krypton have
been studied in a shock tube at 0.2 < p < 1 atm us-
ing the laser schlieren technique. The measured den-
sity gradient profiles and some time-of-flight mass
spectra were modelled by a 26 step reaction mecha-
nism. RRKM calculations are also presented. A high
pressure limiting rate coefficient for reaction path-
way (1) was derived at total pressures around 1 bar.
For total pressures of 0.47 and 0.2 bar second-order
rate coefficient expressions are deduced, indicating
significant fall-off behaviour for the lower pressure
regime.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

(c) Single-pulse shock tube experiments on acetylene
and vinylacetylene pyrolysis for the temperature
range 1100-2400 K at total pressures of about 8 bar.
Initial concentrations of the hydrocarbon in argon
ranged from 100 ppm to 4%. Gas samples were col-
lected and analyzed using gas chromatography. The
rate coefficients for the ring formation process n-
Cillz (+ Cill;) — linear-CsHs — CgH;s were deduced
by applying a comprehensive reaction mechanism.
The rate coefficient for reaction (3) was calculated
using a heat of formation for the linear-C«Hs radical
of 582 kJ/mol. No sensitivity calculations of reaction
(3) are given.

(d) Highly dilute mixtures of CsDs, CsHsCl, CsHsBr, and
CsH;l were pyrolyzed behind incident shock waves at
p = 0.4 atm. The formation of H and D atoms was
monitored by the ARAS technique. RRKM calcula-
tions were carried out to evaluate unimolecular fall-
off rate expressions. Rate coefficient expressions for
the dissociation of phenyl radicals were deduced
from the pyrolysis of chloro- and bromobenzene.
From these experiments it was found that about 18%
of the phenyl radicals dissociate in some way without
formation of H atoms, while the remainder produces
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hydrogen atoms, presumably via a linear-CsHs
radical.

(e) Experimental conditions of (d). From the iodoben-
zene results it was found necessary to introduce addi-
tional reactions into the model, especially the
dissociation of iodobenzene into phenyl! and iodine
atoms, which has been measured by Robaugh and
Tsang®. RRKM caculations indicate that the phenyl
dissociation should proceed with a rate constant ap-
proaching the limiting high pressure value.

(f) Dissociation of phenyl radicals behind reflected
shock waves has been investigated by monitoring H
atoms with ARAS. The density range was (1.0-
1.7):107° mol ecm ™3, Nitrosobenzene CsHsNO served
as thermal source for the phenyl radicals. The test
gas mixtures consisted of argon with relative concen-
trations of 1 to 100 ppm nitrosobenzene. For a first
order formation rate in the early stage of the phenyl
decomposition a value for the activation energy of
306 = 8 kJ/mol was found. From thermodynamic
data together with the experimental value for the ac-
tivation energy it is impossible to attribute the high
temperature H-atom formation to a direct decompo-
sition pathway of phenyl. Therefore a two step reac-
tion mechanism, starting with isomerisation from the
aromatic phenyl to a linear structure, which dissoci-
ates immediately to products which include H atoms,
has been assumed. The experimental rate expression
for the isomerisation reaction is in good accord with
the findings of Ref. 4.

Preferred Values

ks =4.0- 10" exp(—36700/T) s™* over range 1450-1900 K
Presumably not far from k.

Reliability
Alog k = = 0.4 over whole range

Comments on Preferred Values

The heats of reaction for different decomposition path-
ways of phenyl give values on the order of 335 to 502 kJ/
mol. These findings are incompatible with a high
activation energy of about 306 kJ/mol. For the linear
aliphatic structure C¢Hs a value of about 586 + 12.6 kJ/
mol for the heat of formation was estimated by applying
Benson’s method’. Together with 329-340 kJ/mol®® for
the heat of formation for the phenyl radical, values of
255-268 kJ/mol are found for the heat of reaction for
pathway (3), which are compatible with the experimen-
tally derived apparent activation energy of about 306 kJ/
mol (Refs. 4 and 5). Consequently a rate coefficient for
only the isomerisation reaction (3) is recommended.

RRKM calculations*® indicate that at temperatures
around 1500 K and at total prcssurcs of about 1 bar the
rate of reaction (3) is not far from the high pressure lim-
iting value (k/k- = 0.5-0.7).
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- EVALUATED KINETIC DATA FOR COMBUSTION MODELLING 721
CeHs(+ M) — H + CeHs(+ M) (1)
— CiH. + CzH2(+ M) (2)
Thermodynamic Data
AH3s (1) = 463.5 kJ mol~* AH3 (2) = 451.9 kJ mol~!
AS3es (1) = 133.7 JK~'mol~? AS34 (2) = 210.4 JK~'mol —*
K,(1) = 9.710° T°* exp(—55840/T) atm K,(2) = 1.1-10'2 T~°10 exp(—54940/T) atm
Rate Coefficient Data (k = k; + k2)
k[s™1] T[K] Reference Comments
Rate Coefficient Measurements
ky = 3.2:10'S exp(—53342/T) 1300-1700 Fujii and Asaba (1972)* (a)
ki = 1.6:10% exp(—51329/T) 1200-1900 Fujii and Asaba (1977)? (b)
3.910° exp(—18935/T) 1400-2200 Singh and Kern (1983)° ©
ki = 7.0:10" exp(—47807/T) 1630-1940 Rao and Skinner (1984)* (d)
ky = 4.610Bexp(—44787/T) 1515-2500 Kern et al. (1984)° (e)
ks = 1.310Mexp(—44284/T) 1515-2500
ky = 5.010'exp(—54300/T) 1600-2300 Hsu, Lin, and Lin (1984) ®
ki = 2.0-10"7 exp(—59381/T) 1900-2400 Kiefer et al. (1975)7 ®
ks = 9.310"exp(—53342/T) 1500-1900 Rao and Skinner (1988)° (h)
Comments time-of-flight mass spectrometry, time resolved
ARAS, and laser schlieren density gradient profiles.
(a) Rich mixtures of benzene and oxygen were pyrolyzed  (f) The oxidation of benzene under fuel lean conditions

(®

©

(@)

©

in a single pulse shock tube. The reaction progress
was followed by light absorption (formation of
biphenyl in the wavelength range of 315 to 600 pwm)
and IR emission (formation of CO in the wavelength
range of 3000 to 5000 wm) behind incident shock
waves. The products were also analyzed by GC. The
experimental data could be modelled by a simple re-
action scheme in the initial stage.

The high temperature pyrolysis of benzene was stud-
ied in a single pulse shock tube. Gas samples were
heated by reflected shock waves; the products were
analyzed by GC. The reaction progress was also fol-
lowed by light absorption at 200-600 nm (benzene,
biphenyl). The experimental data are explained by a
chain mechanism consisting of 7 elementary reac-
tions (channel (1)).

The pyrolysis of mixtures of 2.1-5% benzene diluted
with neon was studied behind reflected shock waves.
Products were analyzed by recording time-of-flight
mass spectra. The data could be reproduced from a
five step reaction mechanism. The first order rate ex-
pression as presented in the table has been calcu-
lated for a density of 2.6:107° mol cm™ from the
second order rate coefficient evaluated by the au-
thors.

Dilute mixtures of 3-20 ppm C¢Ds were pyrolyzed be-
hind reflected shock waves at 2 < p < 3 atm. The
formation of D atoms was monitored by time re-
solved ARAS. A six step reaction mechanism was
used to model the experimental data. The rate coef-
ficient for H atom production was determined by us-
ing approximate isotope effect calculations.

The rate coefficients for both product channels were
derived in a collaborative study on CsHs and CsDs py-
rolysis using three independent shock tube methods:

(8

was studied behind reflected shock waves using a sta-
bilized cw CO laser to monitor CO production. The
formed CO was modelled by a 25 step mechanism. A
rate coefficient for channel (1) was determined.
Mixtures of 1 and 2 mol% benzene in krypton have
been heated in a shock tube at 0.2 < p < 1 atm using
the laser schlieren technique. The measured density
gradient profiles and some time-of-flight mass spec-
tra were modelled by a 26 step reaction mechanism.
RRKM calculations are also presented. A high pres-
sure limiting rate coefficient for reaction pathway (1)
was derived.

(h) The rate coefficient for the production of H atoms in

channel (1) was derived from approximate isotope ef-
fect calculations. Highly dilute mixtures of CsDs,
CsHsCl, CeHsBr, and CgHisl were pyrolyzed behind
incident shock waves at p = 0.4 atm. The formation
of H and D atoms was monitored by the ARAS tech-
nique. RRKM calculations were carried out to ac-
count for unimolecular fall-off and to distinguish the
rate constant for dissociation of C¢Hs to that for the
dissociation of CsDs.

Preferred Values

k = 9.0-10" exp(—54060/1) s™* over range 1200-2500 K

Reliability

log k = * 0.4 at 1200 K reducing to +0.3 at 2000 K

Comments on Preferred Values
From the present data a first order rate expression for

benzene decomposition is evaluated. Although most of

the experimental work is interpreted by the authors as in-
dicating that the H-atom producing reaction channel (1)

J. Phys. Chem. Ref, Data, Vol. 21, No. 3, 1992
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is the dominant one, it should be mentioned that the di-
agnostic methods of many of the experiments do not per-
mit a distinction between product channels. Conse-
quently a rate coefficient for the overall reaction is rec-
ommended.
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Fujii ond Ascbo (k1) 1977
Singh and Kern (k1) 1983
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CsHso (+ M) g C-C5Hs + CO (+ M)

Thermodynamic Data
AH3s = 94.5 kJ mol !
AS%s = 184.2 J K™ 'mol !
K, = 1.1110" T-%46exp(—11561/T) atm

Rate Coefficient Data

k(s™1] TK] Reference Comments
Rate Coefficient Measurements
105 1000 Colussi et al. (1977)! (a)
1.010"%exp( — 24000/T) 1010-1430 Lin and Lin (1985) (b)
2.5-10"exp(—22100/T) 1000-1580 Lin and Lin (1986)° ()

Comments

(a) Pyrolysis of phenyl allyl ether in a VLPP reactor.
Above 983 K the ether is mostly decomposed so that
the phenoxy radical decays are isolated. Mass spec-
trometric detection of radical fragments (at m/e = 41
and 94). No experimental data reported. Based on
thermochemical grounds, a decomposition mecha-
nism via a bicyclic radical intermediate is proposed.

(b) Pyrolysis of phenyl methyl ether (anisole) in high di-
lution (0.1% and 0.5% in Ar) in a shock tube be-
tween 1010 and 1430 K and 0.5-0.9 atm. k; is
deduced from CO profiles (probed by resonance ab-
sorption, cw CO laser) by assuming that anisole de-
composition and phenoxy decomposition are the only
important reactions.

(c) Extension of the above study®. Same method. The ki-
netic mechanism is extended and the deduction of &
is based on computer simulation.

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992

Preferred Values

k = 2.510"exp(—22100/T) s™! over range 1000-1580 K

Reliability
Alogk = 0.2
Comments on Preferred Values
The preferred expression is that one of Lin and Lin®

References
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2Chin-Yu Lin and M. C. Lin, Int. J. Chem. Kin. 17, 1025 (1985).

3Chin-Yu Lin and M. C. Lin, J. Phys. Chem. 90, 425 (1985).
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CeHsCH(+M) — CsHs + 2 C:H: (+ M) (1)
— C4Hs + CiHs (+ M) )
— CsHs + C:H: (+ M) (3)
— CiHy (+ M) (3)
Thermodynamic Data '
AH394 (2) = 428.1 kJ mol~? AH3y (3) = 463.6 kJ mol ™!
AS3%s (2) = 213.2 JK " !mol ! AS3% (3) = 179.1 JK 'mol !
K,(2) = 2.3107*° T exp(— 50752/T) atm K,(3) = 1.7:101° T-13 exp(—56155/T) atm
Rate Coefficient Data (k = ki + k2 + ks + ki)
k[s™'] T[K] Reference Comments
Rate Cocfficient Mecasurements
2.010' exp(—51357/T) 1500-1800 Astholz e al. (1981)} ()
k2 + ks = 1.6:10" exp(—42698/T) 1550-2020 Astholz and Troe (1982)? _ (b)
k; + k3 = 2.5:10'7 exp(—53402/T) 1550-2020 (c)
k, = 1.0-10Mexp(—42674/T") 1300-1800 Mizerka and Kiefer (1986)° (d)
2.0-10% exp(—42048/T) 1400-1900 Muelier-Markgraf and
+1.0-10' exp(—21409/T) Troe (1987)* (e)
ki = 1.8:10%exp(— 42674/T) 1600-2100 Pamidimukkala et al. (1987)° ®
5.4-10' exp(—50327/T) 1430-1740 Rao and Skinner (1087)6 8
1.6:10"° exp(—22491/T) 1250-1900 Mueller-Markgraf and
+2.010' exp(—42048/T) Troe (1988)” (h)
ks = 1.3-10" exp( - 34600/T) 1350-1800 Braun-Unkhoff ef al. (1989)* (i)
Comments decomposition of different precursor molecules

(a) The temporal absorption of toluene and benzyl were
monitored during the thermal dissociation of toluene
behind reflected shock waves. Rate expressions for
the benzyl decay were determined for the density
range (1-5)-10~° mol cm™3. The presented rate ex-
pression corresponds to 1:107° mol cm ™. The deter-
mination of the overlapping absorption profiles was
performed on the assumption of high thermal stabil-
ity of the benzyl radical.

(b) Toluene pyrolysis behind shack waves. Experimental
setup as in comment (a). From the product analysis
of Smith’ it was assumed that two dissociation chan-
nels (2) and (3) compete during thermal decay of
benzyl. The density range covered was 1.4-107° to
1.5:107* mol cm™. The presented rate expression
corresponds to the lowest density value.

(¢) Samc as in commcnt (b). The rate expression corre-
sponds to a density of 1.5:10™* mol cm ™3,

(d) Investigation of high temperature pyrolysis of ethyl-
benzene in shock waves with the laser schlieren tech-
nique. Benzyl and methyl radicals are found as the
dominant products of the dissociation process. For
modelling the schlieren profiles it is assumed that
benzyl dissociation ultimately generates acetylene
and the propargyl radical (1). High stability of the
benzyl radical leads to a rate expression just slightly

~ below that of Refs. 1 and 2.

(e) High temperature UV absorption spectra of benzyl
radicals were monitored over the wavelength range
190-330 nm following shock wave induced thermal

®

®

(benzyl iodide, benzyl chloride, and methyl benzyl
ketene). It was found that benzyl radicals exhibit an
unexpected low thermal stability. The marked curva-
ture of the Arrhenius plot, together with the lack of
any systematic dependence of the rate coefficient on
the concentration, is considered as indicating the
contribution of two benzyl fragmentation pathways
with very different activation energies.

The thermal decomposition of toluene has been in-
vestigated by time-of-flight mass spectrometry and by
laser schlieren densitometry behind shock waves at
total pressures of 0.2-0.5 bar. It is found that the dis-
sociation of toluene proceeds mainly by C—C scis-
sion to phenyl and methyl. This result involves the
assumption that benzyl radicals have a high stability
which makes the concurrent reaction pathway lead-
ing to benzyl and hydrogen atoms reversible.
Dilute mixtures of deuterated ethylbenzene in argon
were pyrolyzed behind incident shock waves at total
pressures around 0.55 bar. H and D atom concentra-
tions were monitored by ARAS. A first order rate
constant was found for the dissociation of benzyl into
smaller fragments.

(h) Benzyl radicals were generated by the thermal de-

composition of benzyl iodide into benzyl and iodide
atoms. Benzyl concentration was monitored by UV
absorption. From the results, which are in good
agreement with previous findings (Ref. 4) it is con-
cluded that the evaluated Arrhenius expressions can-
not be definitely attributed to the product channels
(2) and (3).

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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(i) Investigation of benzyl decomposition behind re-
flected shock waves in highly diluted mixtures of ben-
zyliodide with argon. Hydrogen atoms were
monitored by ARAS. The temperatures ranged be-
tween 1300 and 1800 K at total pressured around 2
bar. In each experiment the initial concentrations of
benzyliodide were determined by monitoring the
iodine atom concentration with ARAS during ben-
zyliodide decay. This procedure of applying very low
initial concentrations of the benzyl precursor ([X] =
0.5-5 ppm) allowed to evaluate a reaction scheme for
the initiation reaction(s) and for some fast subse-
quent reaction steps. Thermodynamic considerations
favour a fast intramolecular rearrangement of the
benzyl radical to structures like the bicycloheptadi-
enyl radical, the tropylium radical or an open chain
structure, from which fast hydrogen abstraction oc-
curs. Therefore the deduced Arrhenius expression is
considered to describe the rate limiting isomerization
reaction step.

Preferred Values
k =5.1-10" exp(—36370/T) s~! over range 1350-1900 K

Reliability
Alogk = = 0.3 at 1350 K increasing to +0.5 at 1900 K

Comments on Preferred Values

The recommended rate coefficient has been evaluated
from the only direct measurements of benzyl radical ab-
sorption*’ and of H-atom production during benzyl de-
cay® at elevated temperatures. The product distribution
measurements of Smith® give evidence for benzyl decom-

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992
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posing predominantly via reaction pathways (2) and (3),
but no direct specific measurements of intermediates
other than H atoms during the decomposition process are
available. The ARAS measurements of Braun-Unkhoff
et al ® indicate that the decay of benzyl leads to the for-
mation of H atoms in considerable amounts. Therefore it
was necessary to reinterprete the benzyl decay rates re-
ported by Mueller-Markgraf and Troe*’. The reevalua-
tion was done by Hippler etal.®® by taking the
recombination reaction C;H; + H — GH; (k; = 2-10"
cm® mol~! s7') into account. Their resulting Arrhenius
plot for the thermal decay of benzyl is now in good accord
with the one derived in Ref. 8 on the basis of the produc-
tion of H atoms during the benzyl decomposition. There-
fore the recommended rate expression is considered to
apply to the overall dissociation process of benzyl radi-
cals.

References

!D. C. Astholz, J. Durant, and J. Troe, 18th Symp. (Int.) Combust., 885
1981).

gD. C). Astholz and J. Troc, J. Chem. Soc. Faraday Trans. 2, 78, 1413
(1982).

3L. J. Mizerka and J. H. Kiefer, Int. J. Chem. Kin. 18, 363 (1986).

‘W. Mueller-Markgraf and J. Troe, 21st Symp. (Int.) Combust., 875
(1987).

K. M. Pamidimukkala, R. D. Kern, M. R. Patel, H. C. Wei, and J. H.
Kiefer, J. Phys. Chem. 91, 2148 (1987).

V. S. Rao and G. B. Skinner, 21st Symp. (Int.) Combust., 809 (1987).

"W. Mueller-Markgraf and J. Troe, J. Phys. Chem. 92, 4899 (1988).

SM. Braun-Unkhoff, P. Frank and Th. Just, “Kinetics and mechanisms
of elementary chemical processes of importance in combustion”, final
report, CEC-Contract No. EN3E-0091-D(B), July 1989.

°R. D. Smith, J. Phys. Chem. 83, 1553 (1979); Comb. Flame 35, 179
(1979).

!°H. Hippler, C. Reihs, and J. Troe, J. Phys. Chem. Neue Folge 167, 1
(1990).



Log(k/cm 3ol s i)

6.0

5.0

4.0

3.0

2.0

1.0

EVALUATED KINETIC DATA FOR COMBUSTION MODELLING 727

CeHsCH: — C3H; + C:H: + C:H.
- C4H4 + C3H3
- C5H5 + C2Hz
ha d C7H7

T/K -
2000

EXPERIMENTAL DATA

Asthiolz ot of 1901

Astholz ond Troe (k2 + v3) 1982
Astholz and Troe (k2 + k3) 1982
Muller~Markgraf and Troe (k2) 1987
Mulier—Morkgraf and Troe (k3) 1987
Mizerka ond Kiefer (k1) 1986

F et ol (k1) 1987
Rao ond Skinner 1987 \
Muller~Markgraf and Troe (k3) 1988 .
Muiler~Morkarof ond Troe (k2) 1988 \
Broun—Unkhoff et of (V4) 1988 '\
Braun—Unlthoff ot ol (l4) 1080
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CeHsCH3(+M) — H + C¢HsCHz(+M) 1)
— CHs + CeHs(+M) (2)

Thermodynamic Data
AH3og (1) = 367.9 KJ mol ™!
ASSys (1) = 110.9 J K~mol -1
K,(1) = 5.6:10' T**® exp(—44030/T) atm

AH3s (2) = 424.1 kJ mol™!
ASSys (2) = 162.5 JK~1mol -1
K,(2) = 2.1-10'° T~ exp(—51450/T) atm

Rate Coefficient Data (k = ki + k)

k[s™] TIK] Reference Comments
Rate Coefficient Measurements
ky = 2,010 exp(—38900/T) 10111138 Szwarc (1948)! (a)
k= 2.510' exp(~37091/T) 1011-1122 Takahashi (1960)? ()
ky = 1.3-10" exp(—52340/T) 1185-1206
k1 — 6.3-10% cxp(—42778/T) 913-1143 Pricc (1962)* ©
k2 = 3.410™ exp(—40262/T) 1073-1373 Errede and DeMaria (1964)* (d)
ky = 9.2:10° exp(—44737/T) 920-970 Brooks et al. (1971)° ) (e
ky = 1.7-10™ exp(—41268/T) 1410-1730 Rao and Skinner (1984)% )
ky = 2.0-10'5 cxp(—44393/T) 1500-1900 Muclicr-Markgraf and Troc (1986)7 (®)
ky = 8.1:10'2 exp(—36534/T) 13001800 Mizerka and Kiefer (1986)% (h)
k; = 4.0-10"exp(—45291/T) 1300-1800 (h)
k, = 8.9-10'2 exp(—36534/T) 1600-2100 Pamidimukkala ef al. (1987)° @)
ky = 2.810% exp(—44730/T) 1450-1900 Brouwer et al. (1988)"° G)
ki = 3.6-10% exp(—45000/T) 1380-1700 Braun-Unkhoff et al. (1989)" (m)
Reviews and Evaluations
ky = 3.2:10'5 exp(—44439/T) 9201140 Benson and O’Neal (1970)!! (k)
k1 = 2.7-10"exp(—41722/T) 1050-1600 Rao and Skinner (1984)% o
Comments sures of about 3 bar. The authors recommend an iso-

(a) Pyrolysis of toluene and xylene in a flow system at
pressure between 3 and 20 mbar.

(b) Flow system with mass spectrometric analysis. It was
concluded that the curvature of the Arrhenius plot
for channel (1) was caused mainly by competitive re-
actions.

(c) The flow system study (pressure 8-28 mbar) revealed
that the toluene decay was strongly surface con-
trolled at temperatures below 1000 K. The reported
Arrhenius parameters for reaction (1) were derived
from the isolated homogeneous reaction.

(d) Flow system study. Rate coefficient parameters for
reaction pathway (2) were deduced from the rate of
benzene formation during the decompostion of
xylene between 1070 and 1370 K. Due to the indirect

mcthod which was uscd in this study, the results were
criticized by Benson and O’Neal (Ref. 11): the ob-
tained preexponential factor and the activation en-
ergy seem unlikely for this reaction.

(e) Pyrolysis of toluene/nitrogen mixtures in a static sys-
tem at total pressures below 300 mbar (Pioiucne < 30
mbar). Stable compounds analysis by gas chromato-
graphy.

(f) Shock tube study with initial mixtures of toluene-ds/
Ar and neopentane/toluene-ds/Ar mixtures. D and H
atoms are monitored as function of timc by ARAS.
Investigation covered a temperature range from
1200-1460 K for neopentane/toluene, and from

1410-1730 K for toluene experiments at total pres-

J. Phys. Chem. Ref. Datz Vol. 21, No. 3, 1992

tope correction factor of 1.5 for the evaluation of ku
of channel (1). The estimated uncertainty for ku, kp
is about log k = =0.2.

(g) In an earlier shock tube study on toluene decompos-
tion using light absorption of toluene and benzyl in
the 200-350 nm range (Ref. 12) rate constants were
derived on the assumption that the benzyl radical ex-
hibits sufficient thermal stability. The measurements
were reinterpreted and superseded by experimental
results on benzyl decomposition (Ref. 7). These ex-
periments indicate an unexpectedly low thermal sta-
bility of the benzyl radical. With these results, from a
reinterpretation of the experiments of Ref. 12 rate
coefficients for channel (1) were derived for the den-
sity range (1-3)-10~*mol cm™~>. The given Arrhenius
expression in the present table corresponds to

1 ncan=-5___y -3
1.U0° 1V 11Vl vill .

(h) Shock tube study on high temperature pyrolysis of
ethylbenzene with the laser schlieren technique.
Rate expressions for channels (1) and (2) have been
included into the reaction system by the authors and
originate from their unpublished LS measurements
of toluene pyrolysis.

(i) Two independent shock tube techniques (time-of-
flight mass spectrometry and laser schlieren densito-
metry) were used to investigate the high temperature
pyrolysis of tolucnc in mixtures with Kr and Ne, re-
spectively. A rate coefficient for the formation of
methyl and phenyl (channel (2)) was deduced at total
pressures around 0.5 bar. A high pressure limiting
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rate coefficient of 1.2:10"exp(—47505/T) s™! has also
been calculated for reaction pathway (2).

(i) The thermal decomposition of toluene has been rein-
vestigated in shock waves detecting toluene, benzyl,
and benzyl fragment concentrations by UV absorp-
tion spectrometry. The results give evidence for dom-
inant toluene dissociation to benzyl radicals and H
atoms (channel (1)). The derived thermally averaged
rate coefficient for channel (1) is consistent with
specific rate constants k(E,J) from laser excitation
experiments.

(k) Reevaluation of earlier flow system results in the
pressure range 2-22 Torr. The preferred parameters
for reaction pathway (1) are obtained by accepting
the rate constant of Ref. 6 and scaling the parameters
to fit the thermodynamic enthalpy.

(1) See comment (f). The limiting high pressure rate
constant for toluene decomposition (channel (1)) is
derived from RRKM calculations and ky = 1.5%p.

(m) Decomposition of toluene and nitrosobenzene highly
diluted in argon behind reflected shock waves. The
hydrogen atom formation was followed by ARAS.
Nitrosobenzene served as thermal source of phenyl
radicals in the seperate study of the phenyl decompo-
sition mechanism. The results for phenyl dissociation
indicated that the main product channel is the H
atom-abstraction channel (1) and that the rate coeffi-

cient for channel (2) should not exceed 0.2+,;. The

rate expression for channel (1) is in excellent agree-
ment with the results of Brouwer ef al "’

Preferred Values
ki = 3.1-10%exp(—44890/T) s~! over range 920-2200 K

Reliability
Alog ki = * 0.5 at 2200 K reducing to £0.3 at 900 K

Comments on Preferred Values
There exists a large variety of studies on toluene pyrol-
ysis in the lower temperature range up to approximately

1000 K. But most of these studies were conducted under
experimental conditions under which bimolecular reac-
tions of toluene leading to bibenzyl and other compounds
dominate. The investigation of unimolcular decomposi-
tion of toluene becomes less difficult at temperatures
above 900 K. Most of the available data give evidence for
the product channel (1) leading to benzyl radicals and hy-
drogen atoms. From some of the experiments in conjunc-
tion with the calculated limiting high pressure rate
coefficient it can be deduced that the recommended
Arrhenius expression covers a density range of about
(1-3)-107° mol cm 3, very close to the high pressure limit.
The experimental data for the second decomposition
channel leading to phenyl and methyl radicals (channel
(2)) are insufficient to permit a recommendation of a rate
expression. Thermochemical arguments together with the
findings of some of the authors give evidence that the rate
for this channel should not exceed 10 to 20% of the rate
for channel (1) for T < 2000 K.
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CH:CH; + M — H+ CH:CH, + M
—->CH; + CéHs + M
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p-CsH4(CH3)2(+M) e d p-CsH4CH2CH3 + H(+M)

Rate Coefficient Data

k[s~1] TK] Reference Comments
Rate Coefficient Measurements
5.0-10%exp(—38300/T) 1018-1133 Szwarc (1948)" (a)
9.3-10"%exp( —38200/T) 1213-1383 Errede and DeMaria (1962)? (b)
4.0-10"exp(—40100/T) 1400-1800 Brouwer et al. (1984)* ©)
3.2:10%exp(— 42600/T) 1400-1800 (d)
4.0-10"exp(—42600/T) 1400-1800 (©)

Comments

(a) Flow reactor at pressure of 2.7-20 mbar.

(b) Fast flow pyrolysis.

(c) Shock tube study. Reactants highly diluted in Ar. UV
absorption at 266.5 nm of para-methyl-benzyl. [Ar]
=1.3-10" cm™3.

(d) Same method as in (c). [Ar] = 3.7:10"” cm ™,

(¢) Same method as in (c). [Ar] = 1.1-10° cm ™3,

Preferred Values

k. = 4.0-10exp(—42600/T) s~* over range 14001800 K

Reliability
Alogk = = 0.5

Comments on Preferred Values

It has been assumed that in the temperature range
1400-1800 K the rate coefficient given by Brouwer et al.’
for the highest pressure is close to the high pressure limit
k» . The data given for the lower densities are in the fall-
off region.
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p-cGH4(CHa)z - p-CaH4CH2CH3 + H

T/K
2000 1000

EXPERIMENTAL DATA

Szworc 1948

Errede and DeMaria 1962
Brouwer et ol 0.05 Atm. Ar 1984
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This R nendation k(inf) 1989 \

0.5 1.0
10t k!

J. Phys. Chem. Ref. Data, Vol. 21, No. 3, 1992




EVALUATED KINETIC DATA FOR COMBUSTION MODELLING 733
CsH5C2H5(+M) g CsHsCHz + CH3(+M) (1)

Thermodynamic Data
A3y (1) = 315.9 kJ mol~*
AS%s (1) = 149.9 J K~ 'mol ™!
K,(1) = 4.0-10° T-°13 exp(—38330/T) atm

AH3g (3) = 117.6 kJ mol ™!
AS% (3) = 1153 JK~'mol~!

— CeHs + C2Ha(+M) 2)
b d CsHsCsz + Hz ('I‘M) (3)
— Ce¢Hs + C2Hs (+M) (4)
- C5H502H4 + H (+M) (5)

AH34 (2) = 105.6 kJ mol~!
AS3s (2) = 128.1 JK~'mol !
K,(2) = 4.0-10° T-°%% exp(—12930/T) atm

AH3g (4) = 415.9 kJ mol™!
AS3es (4) = 179.7 JK~'mol~!
K,(4) = 4.8:10" T~1%27 exp(—50560/T) atm

K,(3) = 5.7:10* T%5 exp(—14280/T) atm

AH3ys (5) = 341.4 KJ mol !
%8 (5) = 110.3 J K~ 'mol~!
K,(5) = 5.2:10% T''* exp(—40900/T) atm

Rate Coefficient Data (k = ks + k: + ks + k4 + ks)

k[s™1] TIK] Reference Comments
Rute Cucfficiernt Measurements
k; = 1.0-10%exp( —31800/T) 888-1018 Szwarc (1949)! (a)
ky = 4.0-10'* exp(—35300/T) 876-1000 Esteban et al. (1963)? (®)
ki = 5.0-10exp( — 34800/T) 906-1010 Crowne et al. (1969)° (©
ki = 5.010' exp(-35300/T) 910-1089 Clark and Price (1970)* (@
k2 = 1.1:10° exp(—26000/T) 910-1089
ks = 5.0-10" exp(—32200/T) 910-1089
Ky = 2.0-10%exp(—36700/T) 800-1100 Ebert et al. (1978)° o)
ks = 1.0-10%exp(—41800/T) 800-1100 :
ki = 7.1-10%exp(—37400/T) 990-1190 McMillen et al. (1980)7 (i)
k; = 2.0:10" exp(—36600/T) 1053-1234 Robaugh and Stein (1981)% @)
ki = 2.510" exp(—35200/T) 770-820 Brooks et al. (1982)° (h)
ki = 5.010' exp(~37500/T) 873-998 Davis (1983)™ )
ki = 1.3-10"exp(—40900/T) 1250-1600 Brouwer et al. (1983)"! G)
ks = 2.5-10%%xp(—30100/T) 1250-1600 ®
ki = 2.0-10" exp(—36600/T) 1000-1110 Grela and Colussi (1985)"2 0]
k; = 3.1-10exp(—30200/T) 1300-1800 Mizerka and Kiefer (1986)" (m)
ki = 3.510%exp(—36900/T) 1200-1650 Mueller-Markgraf and Troe (1988)'* (n)
Reviews and Evaluations

k; = 2.0-10%exp(~36700/T) 876-1018 Benson and O’Neal (1970)° (o)

Comments

(a) Pyrolysis of ethylbenzene in the presence of excess of
toluene in a flow reactor at pressure between 10 and
22 mbar.

(b) Pyrolysis of ethylbenzene in the presence of excess of
aniline in a flow reactor at pressure between 12.5 and
17.9 mbar.

(c) Stirred flow reactor at pressure between 8 and 18
mbar. Gas analysis by GC.

(d) Toluene carrier flow system at pressure between 26
and 48 mbar. Gas analysis by GC.

(e) Flow reactor study at pressure between 0.13-1.3
mbar and at normal pressure. GC- and TOF-analysis
of the reaction products.

(f) Very low pressure pyrolysis in a Knudsen cell reactor
at pressure between 1.3-107°-1.3-107% mbar. Mass
spectrometric analysis of the reaction products. Rate
expression for high pressure limit.

(g) Very low pressure pyrolysis at pressure lower than
1.3-1073 mbar in a stirred flow reactor. Rate expres-
sion for high pressure limit. Gas analysis by mass
spectrometry.

(h) Static reactor at pressure between 10-65 mbar. G('
analysis.

(i) Conventional flow equipment at atmospheric pres
sure. Analysis by rate of formation of toluene.

(5) Shock tube. High dilution by argon. UV-absorptim
of ethylbenzene and reaction products. 2.4-10" = | At}
< 1.410° cm™ Rate expression for 4.8:10" <] \¢:
< 1.410° em ™3,

(k) Shock tube. High dilution by argon. UV-abuoi e
of ethylbenzene and reaction products. I 811"« ; 8+
< 1.510” cm™. Rate expression for 4 ' 111 '« Ak
< 1.510° em™.

(1) Very low pressure pyrolysis in a stirrced 1+ ac 1o Sl
spectrometric analysis of the reaction i whwes B
expression for high pressure limit.

1 Phue Cham Raf Data Vet 3 @R &
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(m) Shock tube. Laser schlieren technique. Density range
4.310"-4.2:10"% cm ™3,

(n) Shock tube. High dilution by argon. UV-absorption
between 190-330 nm. 1.2:10¥<[Ar] < 1.410® cm ™3,

(o) Critical evaluation of kinetic data on gas phase uni-
molecular reactions.

Preferred Values
ki = 7.1-10%exp(—37800/T) s™! over range 770-1800 K

Reliability
Alog k; = %= 0.4 at 1800 K reducing to 0.1 at 770 K

Comments on Preferred Values

The preferred value is based on the data of Szwarc!,
Esteban et al.?, Crowne et al.?, Clark and Price®, Ebert
etal.5, McMillen etal.”, Robaugh and Stein®, Brooks
et al .’, Davis', Brouwer er al.", Grela and Colussi*?, Miz-
erka and Kiefer®, Mueller-Markgraf and Troe, and
Benson and O’Neal’. It is assumed that the given expres-
sion for k; represents values close to the high pressure
limit.

J. Phys. Chem. -~ Data, Vol. 21, No. 3, 1992

Insufficient experimental data are available for the
other channels (2)-(5) to allow recommended rate ex-
pressions.
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